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ABSTRACT!
!
Permeable!reactive!barrier!(PRB)!is!a!well3known!technology!for!in3situ!
subsurface!remediation!as!it! is!capable!of!treating!large!contaminant!plumes!
cost! effectively.! Zero3valent! iron! (ZVI)! is! a! reactive! material! that! has! been!
extensively!used!in!PRB!as!it!is!inexpensive!and!suitable!for!treating!various!
kinds! of! contaminants,! e.g.,! hydrocarbons! and! heavy! metals.! Despite! the!
facts! that!ZVI3PRB!has!been!utilized! in!groundwater! remediation! technology!
for! more! than! two! decades,! the! complex! mechanisms! that! occur! in! the!
treatment! process! need! further! studies.! One! of! the! significant! issues! that!
need!to!be!addressed,!which!is!intimately!related!to!the!hydrodynamic!of!ZVI3
PRB,! is! the! rate!of!mineral!precipitation!and,!permeability/porosity! reduction!
within!the!PRB.!!
BTEX! is! a! hydrocarbon! contaminant! that! is! commonly! detected! in!
groundwater.!Due!to!its!toxic!nature,!even!at!low!concentration!is!very!harmful!
to!human!health!and!environment.!Generally,!bio3barrier!has!been!applied!to!
treat! BTEX! contaminants,! however,! as! ZVI3PRB! has! the! potential! to! treat!
various!kind!of!contaminants,! it! is!interesting!to!observe!the!potential!of!ZVI3
PRB! in! remediating! BTEX! as! well! along! with! the! hydrodynamics! and! the!
transport!behaviour!within!the!PRB.!!
To!provide!further!understanding!on!their!behaviour,!an!artificial!neural!
network!and!non3dimensional!analysis!of! the!permeability! losses!of! the!PRB!
have! been! carried! out.! Furthermore,! the! hydrodynamics! and! solute!
distribution! have! been! related! in! laboratory! scale! PRBs! to! permeability!
reduction! with! the! help! of! laboratory! experiments! and! computational!
modelling.!For!obtaining!the!required!experimental!data!for!these!purposes,!a!
smaller!(4.50!cm!inner!diameter!and!length!of!10!cm)!and!larger!scale!(14!cm!
inner!diameter!and!length!of!76!cm)!experimental!ZVI!reactors!have!been!set!
up!and!operated!with!the!flow!rate!imitating!the!natural!groundwater!flow!rate.!
The! corroded! ZVI! were! analysed! to! identify! the! phase! compositions! and!
porosity! changes! using! X3ray! Diffraction! (XRD)! techniques! and! micro!
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computed!tomography!(μCT).!The!flow!experiment!has!confirmed!that!there!is!
a! drop! in! flow! rate! and! a! decrease! in! permeability.! The! chemical! phases!
identified!are!Magnetite!and!Maghemite,!which!are!the!iron!oxides!that!occur!
from! the! reduction! of! iron! in! water.! The! image! from! μCT! indicated! the!
changes! in! particle! size,! pore! size! and! porosity.! For! the! transport!
experiments,!BTEX!at!an!initial!concentration!of!6!ppm!was!pumped!through!
the!ZVI3PRB! reactorsW! the!collected!samples!were!extracted!and! injected! to!
GC3MS! to!determine! the!concentration.! It!has!been! found! that! the!ZVI3PRB!
has! no! capacity! in! remediating! BTEX! contaminants! within! the! short! time!
frame!studied.!!
COMSOL! Multiphysics! computer! software! was! used! to! simulate! the!
hydrodynamic! profiles,! i.e.! pressure,! velocity! and! BTEX! concentration!
distributions.!It!was!shown!that!the!reduction!in!permeability!causes!the!rise!in!
pressure.!However,!the!results!and!information!are!not!sufficient!to!conclude!
how!they!will!impact!the!BTEX!distribution!in!ZVI3PRB.!
Overall,!the!developed!approaches!for!non3dimensional!analysis,!ANN!
for! predicting! permeability! loss! and! COMSOL! predicted!models! have! been!
found!to!be!useful!and!they!envisage!to!be!useful!to!support!in!designing!the!
appropriate!PRBs.!However,! further!work! is! required! to!obtain!more!data! in!
order! to! support! the! simulations! and! cover! more! parameters! so! more!
generalised!conclusion!can!be!made.!!
!
Keywords:! Zero3valent! iron! –! Permeable! reactive! barriers! –! Permeability!
reduction!–!Hydrodynamics!of!ZVI3PRB!–!!BTEX!distribution!in!PRB.!
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CHAPTER!1!
!
INTRODUCTION!
!
1.1!Background!
Permeable! reactive! barrier! (PRB)! is! a! trench! filled! with! a! reactive!
material! in! the! perpendicular! direction! to! the! general! groundwater! flow! in!
contaminated! sites.! It! is! used! for! in3situ! subsurface! remediation! as! it! is!
capable! of! treating! large! contaminant! plumes! cost! effectively.! Currently,!
there!are!several!kinds!of!reactive!materials!used!as!the!filler!materials!in!the!
barrier,!but!zero3valent!iron!(ZVI)!is!the!most!common!one!(Scherer,!Richter,!
Valentine,!&!Alvarez,!2000).!ZVI!is!now!playing!a!major!role!in!groundwater!
treatment! as! it! is! highly! reactive,! suitable! for! treating! various! kinds! of!
contaminants! (e.g.! chlorinated! organic! compounds,! heavy! metals! and!
petroleum!hydrocarbon!constituents!(Reardon,!2005)),!easily!availability!and!
inexpensive.! Due! to! the! potential! and! convenience! of! using! PRB,! it! is! a!
promising!alternative!to!conventional!pump!and!treat!method.!!
The!organic!compounds!occurred!from!petroleum!and!other!chemical!
industries!can!contaminate! the!subsurface!and! leach! into! the!groundwater.!
These!chemicals!are!persistence!and!with!their!property!of!low!solubility!and!
are!termed!as!non3aqueous!phase!liquids.!These!chemicals!which!are! less!
dense!that!water!will!float!on!water!table!and!the!heavy!ones!will!move!down!
to! bedrock.! .! BTEX,! composed! of! benzene,! toluene,! ethylbenzene! and!
xylene,! is!a!basic!petroleum!derivative!that!can!be!found!as!a!groundwater!
contaminant! (Mitra! &! Roy,! 2011).! Normally,! this! kind! of! contaminant! is!
treated!biochemically!(Yeh!et!al.,!2010!and!Saponaro!et!al.,!2009).!However,!
some! researchers! (Muchitsch,!Nooten,! Bastiaens,! &!Kjeldsen,! 2011)! have!
found!that!it!can!be!treated!via!ZVI3PRBs!as!well.!!
!
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Figure! 1.1:! The! illustration! of! permeable! reactive! barrier! remediating! the!
contaminant!plume!(Powell!et!al.,!1998)!
Despite! the! facts! that! ZVI! has! been! used! in! many! researches! and!
field! applications,! and! has! been! a! promising! material! in! groundwater!
remediation! technologies,! the! complex! mechanisms! that! occur! in! the!
treatment!process!has!not!been!clearly! identified,! thus! the! longevity!of! the!
system!is!unpredictable.!One!of!the!important!factors!that!limit!the!utilisation!
of!ZVI! is!mineral! precipitation.!When!ZVI! is! in! contact!with!groundwater,! it!
will!undergo!the!redox!condition!that!is!capable!of!degrading!or!immobilizing!
the! contaminants! in! groundwater! as! well! as! react! with! dissolved! oxygen,!
other!mineral!compounds!and!the!water!itself!to!form!the!secondary!mineral!
precipitates!(Wilkin!et!al.,!2000).!These!precipitates!are!capable!of!inducing!
coating! on! ZVI! surface! and! clogging! the! ZVI! pores! which! may! limit! the!
access!of!contaminants!to!ZVI!and!thereby!reducing!the!permeability.!!
Although! there! are! some! studies! on! the! mineral! precipitation!
(Reardon,!1995W!Roh!et!al.,!2000W!Furukawa!et!al.,!2002!and!Philips!et!al.,!
2003)!there!is!little!discussion!on!the!effects!of!permeability!reduction!on!the!
fluid!flow!hydrodynamics!and!the!distribution!of!contaminants!within!the!ZVI3
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PRB.!This!issue!is!intimately!related!to!the!performance!of!PRB!and!should!
be!studied!in!detail.!
1.2!Research!Objectives!
The!overall!objective!of!this!project!is!to!design!laboratory!scale!ZVI3
PRB!for!determining!the!permeability!reduction!and,!observing!their!impacts!
on!the!hydrodynamics!and!distribution!of!BTEX!as!a!model!contaminant.!In!
order!to!achieve!the!overall!objectives,!column!experiments!are!to!be!set!up!
to! gather! the! direct! information! at! various! reactors! at! lab3scale.! The! data!
obtained!would! be!used! to! calculate! the! permeability! values! and!establish!
the!relationships!between!permeability!loss!and!porosity!as!well!as!the!rates!
of! mineral! precipitation! in! ZVI3PRB.! These! data! are! to! be! later! used! in!
computer!model! to! determine! the! effects! of! permeability! reduction! in! ZVI3
PRB.!!
The!specific!objectives!are!as!follows.!!
(1)!To!determine!the!technique!for!evaluating!permeability!decline!in!ZVI3
PRB,!
(2)!To! analyze! the! permeability! loss! in! ZVI3PRB! and! carry! out! a!
dimensionless!analysis!of!the!permeability,!!
(3)!To! investigate! the! impacts!of!permeability!reduction!on!the!fluid! flow!
and! mechanisms! (i.e.! contaminants! fate! and! transport)! in! the! ZVI3
PRB.!
1.3!Thesis!Structure!
The!structure!for!the!thesis!is!as!follows:!
In! this! first! chapter,! the! background! of! ZVI3PRB! as! an! in3situ!
groundwater! remediation! technology!and! the! issue!of!BTEX!as!subsurface!
contaminants! have! been! briefly! explained.! The! research! aims! have! been!
presented!as!well.!!
The!following!chapter!(Chapter!2)!reviews!the!relevant!technical!data!
and! published! literature! in! relation! to! the! ZVI3PRB! in! terms! of! mineral!
CHAPTER 1  4 !
 
Umarat Santisukkasaem  2016 
precipitation,! methodology! in! characterisation! and! identification! of! mineral!
precipitation,! permeability! reduction! and! potential! of! ZVI3PRB! in! BTEX!
contaminated!groundwater!remediation.!
Chapter!3!presents!an!Artificial!Neural!Network!(ANN)!for!evaluation!
of! permeability! loss! in! ZVI3PRB.! As! ANN! can! be! used! to! predict! the!
permeability! loss,! the! ANN! structures! have! been! designed! to! predict! the!
permeability! reduction! at! each! reference! point! of! the!PRB! reactor! and! the!
results!have!been!used!to!compare!with!other!statistical!methods.!!
In! chapter! 4,! the! characterisation! of! ZVI! has! been! conducted! using!
various! techniques,! i.e.! μCT!and!XRD! to! confirm! the! corrosion!of!ZVI! and!
define!changes! in!pore!space,! flow! rate!at! the!outlet,!pressure!gradient!as!
well! as! permeability! values! themselves.! Furthermore,! the! Buckingham! π!
theorem!is!applied!to!identify!the!dimensionless!analysis!in!order!to!provide!
the! correlation! among! the! relevant! variables! especially! for! an! upscaling!
relationship.!!
A! mathematical! model! has! been! used! to! identify! the! effects! of!
permeability!loss!on!the!hydrodynamics!of!ZVI3PRB!in!Chapter!5.!2D!and!3D!
models!have!been!developed!and!validated!by! the!experimental!data.!The!
profiles,!i.e.!pressure!and!velocity,!predicted!by!the!models!were!discussed.!!
Chapter! 6! shows! some! experimental! results! of! transport! of! BTEX!
contaminants! in! lab!scale!PRBs.!A!mathematical!model!has! !been!used! to!
determine! the! concentration! profiles! as! well! as! to! develop! the! other!
hydrodynamics! model! which! complement! the! experimental! results.! The!
experimental! results! were! used! to! compare! to! the! results! from! the!model!
prediction.!
The! last! chapter! (Chapter! 7)! summarises! the! conclusion! of! the!
research!study!and!provide!the!recommendations!for!further!studies.!
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CHAPTER!2!
!
ZERO6VALENT!IRON!PERMEABLE!REACTIVE!
BARRIER!FOR!SUBSURFACE!REMEDIATION:!A!
REVIEW!
!
Chapter!Overview!
In3situ! subsurface! remediation! techniques! of! permeable! reactive!
barrier! (PRB)! using! zero3valent! iron! (ZVI)! as! a! reactive! material! is! a!
promising!way! to! treat! various!kinds!of! contaminants!as!well!as!petroleum!
hydrocarbon.! ZVI3PRB! is! basically! the! trench! filled! with! ZVI! in! the!
subsurface! at! the! perpendicular! direction! to! the! groundwater! flow.! BTEX,!
composed!up!of!Benzene,!Toluene,!Ethylbenzene!and!Xylene,! is! the!most!
common!petroleum!hydrocarbon!detected!in!subsurface!contamination!as!it!
is! the! main! derivatives! of! petroleum! hydrocarbon! and! can! seep! through!
groundwater! from!the!accidental!spill!or!underground!storage!tanks!(USTs)!
leakage.!Due!to!the!nature!of!BTEX!that!is!considered!as!light!non3aqueous!
phase!liquids!(LNAPLs),!this!has!made!the!compound!having!lower!density!
than! water! and! not! water! solubleW! therefore! they! tend! to! adsorb! onto! the!
surface! of! an! aquifer! and/or! migrate! along! with! groundwater.! In! addition,!
BTEX! have! persistent! and! recalcitrant! properties.! As! the! subsurface! is! a!
complex! system! composed! up! of! much! interference! and! is! varied! by! the!
area! due! to! the! differences! in! physico3chemical! characteristics,! the!
hydrodynamic! properties! and! phase! and! transport! of! contaminants! should!
be! clearly! identified! to! be! the! basic! model! in! designing! the! appropriate!
barrier! for! a! particular! contaminated! site.! Traditionally,! hydrocarbon!
contaminated! subsurface! is! treated! biochemically! as! BTEX! is! readily!
biodegradable! in! the!case! that! there! is! sufficient!oxygen!availability! so! the!
optimum!efficiency!treatment!is!capable!with!the!support!of!microorganisms!
and! oxygen! releasing! compounds.! However,! several! researchers! had!
reported! that! ZVI! has! the! capability! to! treat! chlorinated! hydrocarbon.!
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According! to! the! ZVI! characteristics! that! are! highly! reactive,! capable! of!
treating!various!kinds!of!contaminant,!cost!effective!and!commonly!available,!
it! is! one! of! the! potential! options! in! applications! of! ZVI3PRB! in! BTEX! and!
other!petroleum!hydrocarbon!remediation.!In!this!review!chapter,!the!authors!
had!explained! the!background!of!PRB,!ZVI! and!BTEX!and! their! treatment!
mechanisms,! gathered! the! common! practices! of! BTEX! remediation! and!
discussed!the!potentials!of!ZVI3PRB!in!BTEX!remediation.!!!!!
2.1!Introduction!
In" situ! technology! involving! permeable! reactive! barriers! (PRBs)! has!
been!widely!applied!to!treat!the!subsurface!over!the!last!two!decades.!PRB!
is! basically! a! cultivation! of! a! trench! underground! at! the! groundwater! level!
which! is! filled!with! a! reactive!material! at! the!perpendicular! direction! to! the!
general!groundwater!flow.!It!is!expected!that!the!groundwater!along!with!the!
contaminant!plumes!flow!through!the!PRB!at!its!natural!velocity!and!this!will!
be!treated.!Most!commonly!used!reactive!material! includes!zero3valent! iron!
(ZVI)! (ITRC,! 2005W! Thiruvenkatachari! et! al.,! 2008),! commercially! available!
granules,!due!to!its!nature!of!highly!reactive!thus!providing!high!contaminant!
removal! capacity! and! economically! feasible.! A! number! of! researchers!
(Scherer! et! al.,! 2000W! Vignola! et! al.,! 2011W! Noubactep,! 2013)! have!
conducted! laboratory! and! field! scale! experiments! and! found! out! that! the!
PRBs! are! capable! of! treating! various! kinds! of! contaminants,! i.e.! heavy!
metals,! inorganics! and! organics! contaminants! including! the! petroleum!
derivatives.!
When!iron!reacts!with!oxygen!and!water,!it!produces!precipitates!in!a!
process!known!as!“iron!corrosion”!or!“mineral!precipitation”.! !This! is!one!of!
the!main!limitations!in!the!ZVI!consumption.!!Therefore,!many!findings!(Roh!
et!al.,!2000W!Furukawa!et!al.,!2002W!Reardon,!2005W!Jeen!et!al.,!2007W!Lee!
and! Wilkin,! 2010W! Ruhl! et! al.,! 2011)! have! reported! the! buildup! of!
precipitation,!their!impacts,!methodologies!to!identify!the!precipitates!and!the!
corrective!actions!to!prevent!this!reaction!as!well!as!to!lengthen!the!longevity!
of! the!ZVI3PRB.!However,!as!the!rate!of!mineral!precipitation!or! the!rate!of!
treatment!reaction!and!the!contaminants!removal!mechanism!are!varied!by!
the! physico3chemical! characteristics! of! a! particular! subsurface! and! the!
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properties! of! the! contaminants! themselves,! the! results! regarding! these!
issues! have! been! reported! to! the! specific! contaminants/area! and! the!
conclusions!were! given! in! a! broad! concept.! In! addition,! few! of! them!have!
clearly!identified!the!mineral!precipitation!in!relevance!to!the!hydrodynamics!
of!groundwater!and!transport!of!contaminants.!!
Among!the!contaminants!in!the!subsurface,!petroleum!hydrocarbon!is!
one! of! the! common! contaminants! detected! in! soil! and! groundwater.! For!
example,!light!non3aqueous!phase!liquids!(LNAPLs),!which!are!immiscible!in!
water,! are! capable! of! flowing! into! the! unsaturated! zone! in! the! subsurface!
and!accumulate!in!the!capillary!fringe!layers!of!the!water!table.!Therefore,!it!
is!often!considered!for!treating!by!natural!attenuation!via!biological!process,!
physical! phenomena! and! chemical! reactions.! LNAPLs! contain!mixtures! of!
organic! molecules! that! are! moderately! water3soluble,! so! even! with! low!
concentrations! they! can! be! persistent! contaminants! in! the! groundwater.!
Moreover,! in! the! subsurface,! there! is! limited! amount! of! oxygen! for! the!
microbes!to!use!in!digesting!contaminants.!Therefore,!the!treatment!cannot!
solely!depend!on!the!natural!attenuation.!Thus,!general!researches!focus!on!
designing!specific!type!of!bio3barrier!to!treat!this!kind!of!contaminant!instead!
of! applying! the! common! reactive! materials! of! ZVI! in! PRB.! It! is! then!
interesting!to!investigate!their!behavior!in!the!ZVI3PRB.!!
In! summary,! there! are! many! literature! reviews! (Henderson! and!
Demond,!2007W!Cundy!et!al.,!2008W!Noubactep,!2013W!Fu!et!al.,!2014)!on!the!
use! of! zero3valent! iron! for! groundwater! remediation! which! discuss! the!
capacity!of!iron!itself!and!the!disadvantages!of!their!use,!i.e.!the!longevity!of!
the!system!but!none!of!them!focused!on!the!applications!of!ZVI3PRB!for!the!
treatment! of! petroleum! hydrocarbon! contaminants.! Zhang! et! al.! (2013)!
claimed! that! there! were! no! studies! on! remediation! of! petroleum!
contaminated! groundwater! available.! The! main! objectives! of! this! review!
article! are! to! provide! the! background! of! ZVI3PRB! and! petroleum!
hydrocarbon!contaminants,!to!gather!the!findings!of!ZVI3PRB!applications!in!
hydrocarbon! contaminants! remediation! and! to! recommend! the! potential! of!
the!reviewed!technology.!!
CHAPTER 2  8 !
 
Umarat Santisukkasaem  2016 
2.2!Concept!of!zero6valent!iron!permeable!reactive!barrier!
The!main!functions!of!PRB!is!to!physically,!biologically!or!chemically!
treat! the!contaminant!plumes,!which!means! that! the!contaminants!may!be!
retarded,!altered!or!degraded!depending!on! the!properties!of!contaminants!
themselves!and!the!nature!of!the!subsurface.!EPA!(Powell!et!al.,!1998)!has!
defined! PRB! as! “an! emplacement! of! reactive! materials! in! the! subsurface!
designed!to!intercept!a!contaminant!plume,!provide!a!flow!path!through!the!
reactive! media! and! transform! the! contaminants! into! environmentally!
acceptable!forms!to!attain!remediation!concentration!goals!down!gradient!of!
the!barrier.”!
PRB! is! site! specific! as! different! subsurface! has! different!
characteristics.! In! designing! PRB,! the! site! characterization! in! terms! of! the!
hydrogeology,! contaminant! loading/properties,! geochemistry! and!
microbiology!must!be!thoroughly!reviewed!to!determine!the!appropriate!PRB!
dimensions!and!reactive!materials!(Gavaskar!et!al.,!2000).!PRB!researchers!
have! traditionally! assumed! that! groundwater! flow! path! can! be! predicted!
using!methodologies! for!a!homogeneous!or!heterogeneous!porous!domain!
(Elder!et!al.,!2002).!It!is!then!assumed!that!the!PRB!behaves!as!a!plug3flow!
reactor! (PFR),! and! that! the! contaminant! reduction! reactions! follow! a! first!
order! kinetics.! Subsequently,! the! following! simple! equation! is! used! in! the!
design!of!PRB:!
! !!!!!!!!!!!!!!!!!!!!!!!!!CDEF = Q RSTUVW 2X >YZ>[\]!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.1)!
!
Where,!LPRB,!vPRB,!kr,!Cin!and!Cout!are! the! thickness!of!PRBs,!Darcy!
velocity! (flux)! within! the! PRB,! reaction! kinetic! constant,! contaminant!
concentrations!at! the! inlet!and!exit!of!PRB,!respectively.!The! inlet!pollutant!
concentration!(Cin)!into!a!PRB!is!determined!by!conditions!of!the!surrounding!
aquifer!plus!other!factors,!such!as!the!seasonal!variations!of!flow!and!local!
climatic!conditions.!The!exit!concentration!(Cout)!is!usually!expected!to!meet!
the!appropriate!environmental! regulations.!However,! this! is!affected!by! the!
interplay! of! a! number! of! variables,! as! evident! in! Equation! (2.1).! A! safety!
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factor! is! therefore! used! in! the! design! calculations! to! account! for! any!
uncertainties!that!may!arise!from!the!differences!in!model!assumptions!and!
natural!conditions,!uncertainties!in!media!reactivity,!differences!in!laboratory!
and! field! conditions,! heterogeneity! in! the! aquifer! and! PRBs,! and! non3first!
order!reactions,!etc.!Eykholt!et!al.! (1999)!suggested!a!safety! factor!greater!
than!3.3!for!moderately!heterogeneous!aquifers,!and!point!out!that!this!factor!
should! be! increased! as! the! heterogeneities! of! the! aquifer! and! in! PRBs!
increase.!
As! discussed! earlier,! zero3valent! iron! (ZVI)! is! the! most! common!
reactive!material!that!is!being!used!in!many!PRB!applications!(Scherer!et!al.,!
2000W! Vignola! et! al.,! 2011)! and! has! been! used! since! 1990s! in! treating!
contaminants! in! groundwater! (Reardon,! 2005)! due! to! its! strong! reducing!
characteristics.!Therefore,!it!can!be!assumed!that!the!faster!the!reaction!the!
lower! the! thickness! of! PRB,! thus! the! lower! the! investment! cost.! The!
common! treatment!mechanisms!occurred!could!be!mainly! categorized! into!
two!processes!of!immobilization!and!transformation!(Scherer!et!al.,!2000).!In!
immobilization,!the!contaminants!may!be!adsorb!onto!the!surface!or!absorb!
into!the!body!of!ZVI!through!the!sorption!mechanismW!they!may!diffuse!into!a!
solid!form!or!a!so3called!dissolution!through!the!precipitation!mechanism!or!
they! may! attract! depending! on! the! philic/phobic! properties.! For!
transformation,! the! main! reaction! govern! is! oxidation/reduction,! it! simply!
means!that!the!nature!of!the!contaminants!is!converted!into!less!or!non3toxic!
form.!
2.3!Petroleum!hydrocarbon!contaminants!in!subsurface!
Petroleum! is!a!hydrocarbon!compounds!mixture! that! is!classified!as!
light,!non3aqueous!phase!liquid!(LNAPL).!LNAPL!can!be!derived!from!crude!
oil!from!the!leakage!of!underground!storage!tanks!(USTs)!and!migrate!to!soil!
and! groundwater.! LNAPL! has! lower! density! than! that! of! water! so! it! is!
immiscible!and!tends!to!float!on!the!top!of!water.!However,!it!may!consist!of!
organic!molecules! that!are!slightly!soluble! in!water.!The!higher!solubility!of!
hydrocarbon! components! leads! to! the! higher! potential! in! dissolving! to!
aqueous!phase!and!move!with!groundwater.!Groundwater!flow!is!considered!
to!be! laminar!as! it!moves! relatively!slow,!normally! in! the! range!of!a!meter!
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per! year! but! it! can! be! as! low! as! 0.3!meter! per! year! or! even! per! decade!
(Williams!et!al.,!2005)!and! it!depends!on! the!aquifer!materials.!The! fate!of!
LNAPL! in! the!subsurface!depends!on! the!natural!attenuation!processes!of!
volatilization,! dissolution,! sorption! and! biodegradation.! The!molecules!may!
convert!from!liquid!to!gaseous!phase!through!the!volatilization!process.!They!
may! dissolve! to! groundwater! in! either! solubilizing! or! partitioning! manner!
through!dissolution!process.!They!may!adhere!to!the!surface!or!attached!to!
the! pores! of! the! aquifer!materials! through! the! sorption! process! and! lastly,!
they!may!be!degraded!by!bacteria!through!the!process!of!biodegradation.!In!
addition,! the! transport!of!LNAPL!strongly!depends!on! the!properties!of! the!
molecules,!i.e.!density,!viscosity!and!interfacial!tension.!!
The! mono3aromatic! hydrocarbon! that! is! used! mainly! in! petroleum!
production,! refineries,! gas! and! oil! extraction! fields! and! petrochemical!
industries! is! BTEX.! BTEX! is! an! abbreviation! used! for! four! compounds! of!
benzene,!toluene,!ethylbenzene!and!xylene.!This!group!of!compound!can!be!
found! naturally! in! crude! oil! and! can! entered! to! subsurface! through! the!
accidental! spills,! underground! storage! tanks! (USTs)! leakage! and! from! the!
abandoned!oil!and!gas!wells,!petrol!stations/gasoline!related!sites.!Although,!
there! are! several! constituents! in! petroleum! products! but! BTEX! is! major!
component! and! the! most! common! compounds! detected! in! groundwater!
(Williams! et! al.,! 2005W! Mitra! and! Roy,! 2011).! BTEX! has! been! found! in!
groundwater!since!1980!(Chapelle,!1999),!even!with!very!low!concentration!
detected! in! part! per! billion! (ppb! or! micrograms! per! liter)! but! it! is! still! the!
serious! threats! due! to! their! potential! impacts.! Leusch! and!Bartkow! (2010)!
have! reviewed! the! data! of! typical! BTEX! concentrations! from! Agency! for!
Toxic! Substances! and! Disease! Registry! (ATSDR)! and! International!
Programme!on!Chemical!Safety!(IPCS)!during!1985!to!2007!in!the!America!
and! Europe! and! Muchitsch! et! al.! (2011)! have! measured! the! BTEX!
concentrations!at!Vapokon!Site!in!Denmark.!The!data!are!reported!as!shown!
in! Table! 2.1.! This! can! be! concluded! that! the! maximum! concentrations! of!
BTEX!contaminated!in!groundwater!are!in!the!range!of!6.5937.17!ppm.!
!
!
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Table!2.1:!Typical!Concentrations!of!BTEX!Contaminated!Groundwater!
! Concentrations!(ppb)1! Concentrations!(ppb)2!
! Range!in!
groundwater!
Maximum!value!in!
contaminated!
groundwater!
Range! Average!
!
Benzene! <0.131.8! 330! 0.239,800! 590!
Toluene! <13100! 3,500! 0.336,400! 1100!
Ethylbenzene! <0.131.1! 2,000! 336200! 1400!
Xylenes! <0.130.5! 1,340! 1329,000! 3500!
1!Leusch!and!Bartkow!(2010)!2!Muchitsch!et!al.,!2011!
!
Due! to! the! nature! of! this! compound,! it! is! highly! carcinogenic! and!
persistent!and!once! it! is! released! into! the!environment,! it!can!dissolve! into!
the!ground!and!consequently!leached!to!the!aqueous!phase!and!transported!
with! the! groundwater.! Their! recalcitrant! nature! combining! with! the! low!
groundwater!velocity!captured!the!compounds!in!subsurface!for!long!period!
of! time.! Cozzarelli! et! al.! (2001)! reported! that! BTEX! was! detected! in!
groundwater!samples!collected!16!years!later!in!the!area!of!crude!oil!spilled!
since!1979.!The!physico3chemical!characteristics!of!BTEX!are!summarised!
in!Table!2.2.!
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Table&2.2:!Physico)chemical!Characteristics!of!BTEX!(at!25⁰C)&
Compound! Chemical!
Structure!
Density!
(g/ml)1!
Water!Solubility!
(mg/L)2!
Log!Kow2! Log!Koc!
(L/kg)3!
Retardation!factor!
Ra!1!
Concentration!in!
groundwater!(ppb)4!
Benzene& & 0.88& 1791& 2.13& 1.58& 1.76)22.0& 590&
Toluene& & 0.87& 534.8& 2.73& 2.13& 1.86)45.9& 1100&
Ethylbenzene& & 0.87& 161& 3.15& 1.93& 6.92)69.0& 1400&
o)Xylene& & 0.88& 175& 3.12& 2.38& 2.97)34.3& 3500&
m)Xylene& & 0.86& 146& 3.20& 2.38& 7.80)88.6& 3500&
p)Xylene& & 0.86& 156& 3.15& 2.38& 7.96)75.5& 3500&
1!EUGRIS,!2012,!2!Seagren!and!Becker,!2002,!3!Environmental!Canada)Ontario!Region,2012!4!Muchitsch!et!al.,!2011!
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As!BTEX! belongs! to! LNAPL! group,! it! has! lower! density! than!water!
and!has!highest!solubility!but!lowest!Koc!among!all!aromatic!compounds.!Koc!
value! is! soil! organic!carbonAwater!partitioning!coefficient!which!means! that!
the! lower! the! value! the! lower! the! soil! mobility! and! higher! water! solubility.!
Once! BTEX! is! introduced! into! the! subsurface,! it! will! migrate! downward!
according! to! the! gravity! force! and! due! to! the! physicoAchemical! properties,!
there!is!a!high!tendency!that!BTEX!will!dissolve!into!the!aqueous!phase!and!
consequently!transported!with!groundwater.!!
In!aerobic!conditions,!BTEX!is!highly!biodegradableF!however!there!is!
less!oxygen!in!groundwater!as!oxygen!has!low!water!solubility!and!there!are!
also! indigenous! microorganisms! that! used! up! most! of! the! oxygen.! In!
addition,!it!was!reported!that!the!chemical!reactions!to!convert!the!BTEX!are!
not!achieved!in!the!normal!groundwater!environment!(McAllister!and!Chiang,!
1994).! Therefore,! it! should! not! be! solely! depending! on! the! natural!
attenuation! mechanism! in! order! to! degrade! the! BTEX! contaminated!
groundwater.!
2.4! Conventional! barriers! for! BTEX! contaminated! groundwater!
remediation!
As! naturally,! BTEX! compound! is! readily! biodegradable! in! aerobic!
conditions!but!due! to!some! limitations!mentioned!previously!had!hindrance!
the! remediation! process! of! natural! attenuation! and!made! the! process! not!
efficient!enough.!Researchers!had!integrated!the!biodegradation!concept!to!
PRB!which!made!biobarrier!the!most!common!technique!(Thiruvenkatachari!
et! al.,! 2008)! in! treating! subsurface! contaminated! with! petroleum!
hydrocarbons.! Furthermore,! it! has! been! introduced! as! the! most! suitable!
remediation!method! for!BTEX!removal! from!groundwater! (Farhadian!et!al.,!
2008F! Mitra! and! Roy,! 2011F! Xin! et! al.,! 2013).! The! biobarrier! has! been!
installed! onAsite! at! the! abandoned! factory! site! to! treat! the! polluted!
groundwater!of!12,000!ppb!monoAaromatic!hydrocarbons,! i.e.!benzene!and!
xylenes,!4,700!ppb!heterocyclic!aromatic!hydrocarbons,!i.e.!benzothiophene!
and! benzofuran! and! 4,800! ppb! polycyclic! aromatic! hydrocarbons,! i.e.!
acenaphthene!and!naphthalene.!After!270!operating!days,!BTEX!has!been!
significantly! reduced! from! 8,076! ppb! to! 28! ppb.! Overall,! 99%! of! the!
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monitored!contaminants!have!been!degraded!within!the!bioreactor!after!very!
short! retention! time! of! 72! hours! (Tiehm!et! al.,! 2008).! It!was! also! reported!
from!bioaugmented!remediation!of!BTEX!contaminated!groundwater!by!PRB!
with! immobilized! bead! experiment! that! the! degradation! rates! were!
accomplished!as!high!as!97.8%!for!benzene,!94.2%!for! toluene,!84.7%!for!
ethylbenzene!and!87.4%!for!pAxylene!(Xin!et!al.,!2013).!Another!researchers!
also! claim! that! so! far! biobarrier! has! been! the!most! efficient! technique! for!
BTEX!contaminated!groundwater!remediation,!the!experiments!were!carried!
out! to! indicate! that! the! biological! barrier! designed! to! treat! the! high!
concentrations! BTEX! contaminated! groundwater! was! capable! of! removing!
around!60%A96%!of!BTEX!concentration!at!the!operating!time!of!about!600!
hours!(Liu!et!al.,!2011).!!
Although! biodegradation! seemed! to! be! the! promising! methods!
adopted! in! BTEX! and! petroleum! hydrocarbon! contaminated! groundwater!
treatment,! there! are! still! the! demand! in! applications! of! other! common!
reactive!materials,! i.e.! activated! carbon,! zeolites! and! definitely! zeroAvalent!
iron.!As!according! to! the! fact! that! the!common!reactive!materials!are!more!
cost! effective,! widely! available! and! can! treat! many! kinds! of! waste,! etc.,!
whereas! in! biodegradation,! it! is! strictly! depends! on!many! parameters,! i.e.!
specific! microbes! species,! specific! conditions! (with! oxygen! availability)!
(Saponaro! et! al.,! 2009),! particular! kind! of! contaminants.! A! peat! PRB!was!
used! to! treat! the! petroleum! hydrocarbon! contaminated! groundwater!
providing!72%!removal!efficiency!over!the!period!of!10!months!(Guerin!et!al.,!
2002).! Several! researchers! also! conducted! the! experiment! on! treating!
hydrocarbon! contaminated! groundwater! using! zeolites! (Northcott! et! al.,!
2010),!hydrothermal!palygorskite!(Zhang!et!al.,!2013)!and!activated!carbon!
(Canzano!et!al.,!2014).!
!Researchers! employed! ZVIAPRB! in! treating! organic! materials,! for!
example,!chlorinated!aliphatic!hydrocarbons!(Lai!et!al.,!2005)!and!benzene!
and! trichloromethane! (Chandrappa! and! Das,! 2014).! ZVIAPRB! has! been!
applied! to! degrade! the! trichloroethylene! (TCE),! a! polychlorinated!
hydrocarbon,!and!80%!of! it!has!been!mineralized!by!50!hours!of! retention!
time!providing!the!main!byAproduct!of!cisAdichloroehtylene!(Thangavadivel!et!
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al.,!2013).!Couple!of!research!work!focused!on!the!longevity!of!ZVIAPRB!in!
treating!hydrocarbon!contaminants!reported!that! it! is!efficient! for!more!than!
10Ayears! lifespan! (Warner! et! al.,! 2005F! Phillips! et! al.,! 2010F! Wilkin! et! al.,!
2014).!In!the!aspect!of!increasing!the!removal!efficiency,!ZVI!was!mixed!with!
other! reactive! materials! (Zhou! et! al.,! 2014).! In! one! experiment,! ZVI! was!
coated!with!other!metals,!i.e.!palladium,!nickel!and!copper,!making!bimetals!
to!treat!TCE!and!in!comparison!with!zinc!bimetals,!ZVI!bimetals!is!capable!of!
dechlorinated! the!TCE!at!a! faster! reaction! rate! (Kim!and!Carraway,!2003).!
However,! the! removal! reaction! mechanisms! must! be! carefully! studied! in!
order! to! combine! ZVI! with! other! reactive! materials! in! contemplation! of!
enhancing! the!remediation!capacity.!ZVI!has!been!mixed!with!persulfate! in!
the! in! situ! chemical! oxidation! (ISCO)! barrier! system! of! petroleum!
hydrocarbon!contaminated!groundwater!treatment!with!the!objective!that!ZVI!
will! activate! the! persulfate! oxidation,! but! it! was! found! out! that! the! excess!
ferrous!ion!compete!with!the!organic!contaminants!and!consequently!reduce!
the!oxidation!rates!(Liang!et!al.,!2011).!!
2.5! Zero>valent! iron! reaction! and! mechanisms! in! petroleum!
hydrocarbon!remediation!
ZeroAvalent!iron!will!undergo!the!oxidationAreduction!with!groundwater!
and! contaminants! in! the! subsurface.!When! groundwater! is! in! contact! with!
ZVI!as!a!reactive!medium!in!PRB,!ZVI!will!undergo!the!redox!reaction!that!is!
capable! of! degrading! or! immobilizing! the! contaminants! in! groundwater.! At!
the! same! time,! it! will! also! react! with! dissolved! oxygen,! other! mineral!
compounds!in!groundwater!and!the!water!itself!to!form!a!secondary!mineral!
precipitates.!This!phenomenon!is!known!as!an!iron!corrosion!reaction,!which!
leads!to!the!production!of!iron!hydroxides!that!in!turns!increases!the!pH,!and!
alters!the!ZVI!surface!(Wilkin!et!al.,!2002).!!
In!the!aerobic!conditions,!ferrous!and!ferric!irons!were!produced!from!
the!oxidation!of!dissolved!oxygen:!
2Fe0!+!O2!+!2H2O! !2Fe2+!+!4OHA!! ! ! ! (2.2)!
4Fe2+!+!O2!+!2H+! !4Fe3+!+!2OHA!! ! ! ! (2.3)!
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The!process!is!more!rapid!in!aerobic!condition!as!Wilkin!et!al.!(2002)!
have! evidenced! from! the! rapid! loss! of! dissolved! oxygen! in! iron! and!water!
systems.!When!the!iron!oxides!have!occurred,!they!increase!the!thickness!of!
the!ZVI.!
Under!the!anaerobic!conditions,!ferrous!irons!were!produced!from!the!
reduction!of!water:!
Fe0!+!2H2O! !Fe2+!+!H2!+!2OHA!! ! ! ! ! (2.4)!
As! the! ferrous! irons!occur! in! the!anaerobic! condition,!hydrogen!gas!
that!is!formed!as!a!product!can!be!temporarily!alter!the!surface!of!the!ZVI.!
ZVI! also! reacts!with! other!mineral! constituents! in! groundwater.! The!
reaction! rate!can!be!accelerated!by!chloride,! carbonate!and!sulfate!due! to!
the! incremental! of! dissolution! rate! on! ZVI! surface.! Carbonate! is! the!main!
constituent!found!in!groundwater!and!bicarbonate!anion!can!precipitate!with!
ferrous!ion!to!form!ferrous!carbonate!or!siderite:!
Fe2+!+!HCO3A!+!OHA! !FeCO3(s)!+!H2O! ! ! ! (2.5)!
Many! researchers! have! observed! the! formation! of! various! mineral!
precipitates!as!a!result!of!the!reaction!of!ZVI!in!PRB!(Mackenzie!et!al.,!1999F!
Gavaskar! et! al.,! 2012).! These! formations! or! a! soAcalled! mineral!
fouling/precipitation!are!unfortunately!the!limitations!of!long!term!applications!
of! ZVI! in! PRB.! The! precipitates! are! capable! of! inducing! coating! on! ZVI!
surface! and! clogging! in! the! ZVI! pores! which! may! limit! the! access! of!
contaminants! to! ZVI! as! well! as! reduce! the! reactivity! of! ZVI! and! thereby!
reduce! the! porosity! and! hydraulic! conductivity.! The! mineral! precipitation!
occurred!after!the!PRB!has!been!installed!into!the!contaminated!subsurface!
and! the! reaction! among! ZVI,! contaminants! and! groundwater! constituents!
creates!the!precipitates.!This!precipitation!affects!the!long!term!use!of!ZVI!as!
it!can!clog!the!pore,!corrode!the!surface,!etc.!and!thus!reducing!the!reactivity!
of!ZVI.!This!phenomenon!commonly!occur!in!PRB!that!use!ZVI!as!a!reactive!
material! and! has! been! discussed! extensively! in! many! studies! (Reardon,!
1995F!Roh!et!al.,!2000F!Furukawa!et!al.,!2002F!Wilkin!et!al.,!2002F!Phillips!et!
al.,!2003).!
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Mackenzie! et! al.! (1999)! have! studied! the! treatment! of! chlorinated!
solvents! using! ZVI! and! reported! that! the! porosity! changes! or! plugging! at!
entrance! is! mainly! due! to! the! dissolved! oxygen! in! groundwater! and! after!
removing! the!dissolved!oxygen,! the!plugging! is!caused!by! the! reactions!of!
the! groundwater! geochemistry! and! iron,! i.e.! iron! is! reduced! in! water! in!
anaerobic!condition.!!
However,! secondary!precipitates!may!also!support! in! increasing! the!
removal!efficiency!(Cundy!et!al.,!2008)!according!to!the!hypothesis!that!the!
contaminants!degradation!is!presented!along!with!the!iron!corrosion.!When!
the!contaminants!are!in!contact!with!ZVI,!the!chemical!reaction,!i.e.!breaking!
of! chemical! bonds! will! take! place! at! the! reactive! part! but! the! physical!
processes,! i.e.! adsorption,! will! occur! at! the! nonAreactive! part! (Junyapoon,!
2005).!
One! of! the! reactions! that! support! the! biodegradation! of! petroleum!
hydrocarbon! in! the! subsurface! is! the! oxidation! of! ferric! iron.! In! the! case!
where!the!subsurface!microbes!used!up!oxygen,!they!can!use!oxidized!ferric!
iron!as!an!electron!acceptor.!The!possible!reaction!of!toluene!biodegradation!
by! ferric! iron! reduction! is! shown! as! Equation! (2.6),! it! was! also! suggested!
that! the! reduction! of! iron! is! a! significant! mechanism! in! biodegradation! of!
subsurface!contaminated!with!hydrocarbons!(Borden,!2000).!
C7H8!+!36Fe(OH)3! !7CO2!+!36Fe2+!+!72OHA!+22H2O!! ! !!(2.6)!
As! the! dissolved! oxygen! (O2)! acted! as! the! electron! acceptor! under!
the! aerobic! condition,! the! chlorinated! hydrocarbon,! i.e.! Trichloroethylene!
(TCE),! is! also! an! electron! acceptor! due! to! the! fact! that! they! have! similar!
oxidizing! potentialsF! therefore! they! compete! for! the! sites.! For! instance,!
Equation!(2.7)!shows!the!dechlorination!where!the!halogenated!compound!is!
reducing!via! intermediates! to!nonAtoxic!compounds,! i.e.!ethylene.! It!can!be!
seen!from!the!equation!that!the!reaction!releases!the!Ferrous!and!Chloride!
ions!which! indicates! that! the! contaminant! degradation! is! happening! at! the!
same! time!with! the!mineral!precipitation.!Thus!ZVI!can!be!used! to!convert!
the!toxic!halogenated!hydrocarbon!compounds!into!nonAtoxic!one.!
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Fe0!+!RX!+!H+! !Fe2+!+!RH!+!XA!!! ! ! ! ! ! !!(2.7)!
It! has! been! proved! from! the! equation! that! ZVI! has! the! potential! in!
removing! and/or! degrading! the! chlorinated/halogenated! hydrocarbon!
compounds.! Thus,! there! is! a! possibility! that! ZVI! will! be! able! to! treat! nonA
halogenated!or!aromatic!hydrocarbon!as!well.!!
!
Figure!2.1:!The!pathways!of!ZVI!and!Palladium!catalysts! in!degradation!of!
aromatic!hydrocarbon!of! (a)!Benzene!(b)!Biphenyl! (c)!Naphthalene!and!(d)!
Phenanthrene!(adapted&from&Kim&and&Carraway,&2003)!
Kim!and!Carraway!(2003)!reported!that!compare!to!the!remediation!of!
the! chlorinated! organic! compounds,! the! reaction! rate! in! degrading!
chlorinated! aromatic! compounds! by! ZVI! is! slower! and! lower! reactivityF!
however,!ZVI! is!still!capable!of!reducing!the!aromatic!ring!of!benzene.!The!
degradation!pathways!of!benzene,!biphenylF!aromatic!hydrocarbon!used!as!
the! starting!materials! in! producing! polychlorinated! biphenyls! or! PCBs! and!
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polycyclic!aromatic!hydrocarbon!of!naphthalene!and!phenanthrene!has!been!
observed!by!setting!up! the!batch!experiment!simulating!PRB!system!using!
the! mixture! of! ZVI! and! Palladium! catalyst! as! a! reactive! material! where!
Palladium! has! been! mixed! to! increase! the! reduction! rate.! Figure! 2.1!
illustrates! the!results!where!(a)!benzene!was!degraded!to!cyclohexane,!(b)!
biphenyl! was! degraded! to! cyclohexyl! benzene! providing! the! 1,1’A
bicyclohexyl! as! a! final! product,! (c)! transAdecahydronaphthalene! and! cisA
decahydronaphthalene! are! the! products! of! naphthalene! and! (d)!
phenanthrene! has! reduced! to! 9,10ADihydrophenanthrene! and! 1,2,3,4A
tetrahydrophenanthrene.! The! halfAlife! of! removal! rate! for! biphenyl! was!
reported! at! about! 13! hours! with! 1:1! ratio! of! ZVI/Palladium,! which! is!
comparatively! instantaneous! due! to! the! fact! that! groundwater! velocity! is!
slow,!and!the!average!retention!time!in!PRB!is!a!month!time.!
2.6! Potential! of! ZVI>PRB! in! petroleum! hydrocarbon! contaminated!
subsurface!remediation!
The! compound! with! aromatic! rings! is! more! toxic! than! those! nonA
aromatic! rings! and! the! chlorinated! compound! is! more! toxic! than! nonA
chlorinated!compounds.!It!has!been!proved!that!the!ZVI!has!the!capability!of!
reducing! both! chlorinated/halogenated! hydrocarbon! as! well! as! nonA
chlorinated/aromatic!hydrocarbon! to! the! less! toxic!or!nonAtoxic! compounds!
and!the!addition!of!catalyst,!i.e.!palladium!has!supported!in!speeding!up!the!
reaction!or!increasing!the!reactivity!rate.!
Thus,! it! is! obvious! that! ZVIAPRB! is! feasible! in! remediation! of!
petroleum! hydrocarbon! contaminated! groundwater.! The! hydrocarbon!
removal!capability!of!ZVI! is!such!an!addAon!to!its!positive!characteristics!of!
highly! reactive,! cost! effective! and! commercially! available.! From! all! of! the!
benefits!and!probability!mentioned!above,! it! is!worth! to!apply! the!ZVI!as!a!
reactive! material! in! PRB! specially! designed! for! petroleum! hydrocarbon!
treatment.! However,! in! order! to! operate! ZVIAPRB! at! its! optimum! capacity,!
studies!are! required!before! the!barrier!will!be!placed! in!situ.!As!one!of! the!
main! limitations! of! ZVI! is! the! mineral! precipitation! which! is! still! remain!
ambiguous! in! the! case! of! reaction! with! petroleum! hydrocarbon! if! ZVI!
precipitates!will!support! the!degradation!reaction!or!act!as! the!competitors.!
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In!addition,!it!was!clearly!concluded!in!a!research!that!the!ZVI!reactivity!and!
performance! are! significantly! impacted! by! geochemical! composition! of!
groundwater! (Dong!et!al.,! 2013).!As!a! result,!ZVIAPRB! researchers! should!
take!these!aspects!into!consideration!in!design!and!applications.!
2.7!Summary!and!recommendations!
It! is! evident! that! zeroAvalent! iron! has! a! capability! to! remediate! the!
petroleum!hydrocarbon!contaminated!subsurface.!Therefore,! it! is!beneficial!
to! utilize! ZVI! in! treating! this! kind! of! contaminant.! So! far,! there! have! been!
little! researches! on! petroleum! hydrocarbon! contaminated! groundwater!
treatment!using!ZVIAPRB.!Therefore,!it!can!be!recommended!that.!
(1)!The!transport!of!petroleum!hydrocarbon!in!zeroAvalent!iron!permeable!
reactive!barrier! (ZVIAPRB)!and! the! treatment!mechanisms!should!be!
studied!further.!
(2)!The! modelling! should! be! applied! using! the! experimental! data! to!
observe! and! project! the! behavior,! longAterm! reactivity! and! removal!
capacity!of!zeroAvalent! iron!permeable!reactive!barrier!(ZVIAPRB)!for!
petroleum!hydrocarbon!remediation.!
(3)!The! effects! of! permeability! reduction! in! zeroAvalent! iron! permeable!
reactive! barrier! (ZVIAPRB)! on! the! hydrodynamics! and! petroleum!
hydrocarbon!distribution!should!be!studied.!
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CHAPTER!3!
!
ARTIFICIAL!NEURAL!NETWORK!(ANN)!FOR!EVALUATING!
PERMEABILITY!DECLINE!IN!PERMEABLE!REACTIVE!
BARRIER!(PRB)!
Chapter!Overview!
Artificial! neural! networks! (ANNs)! were! developed! which! enable!
evaluation!of!longAterm!permeability!losses!that!occur!in!permeable!reactive!
barriers!(PRBs)!used!in!groundwater!remediation.!The!network!architectures!
consist! of! nonAchanging! input! and!output! layer(s)!while! the!optimal! hidden!
layer! types! and! structures! were! determined! through! trialAandAerror.! Fluid!
residence! time! within! the! PRB,! pressure! drop,! inlet! volumetric! flow! rate,!
dynamic! viscosity! of! fluid,! average! porosity,! average! particle! size! and! the!
length!of!the!reactor!were!selected!as!the!input!parameters!to!estimate!the!
output! parameter,! namely,! permeability.! Of! all! experimental! data! available!
for!each!ANN!structure,!70%!was!used! for! training,!15%!for!validation!and!
the!remaining!15%!for!testing!the!ANN.!The!ANN!structures!were!developed!
using! a! combination! of! soft! computing! techniques! and! mathematical!
association! of! varying! physical! parameters.! Predictions! obtained! from! the!
optimized! ANN! structures! were! compared! with! linear! and! nonAlinear!
regression! models! to! assess! their! performance.! The! results! indicate! that!
ANN! performs! significantly! better! than! the! regression! models! and! ANN!
modelling! is! a! promising! tool! for! the! simulation! and! assessment! of! the!
permeability!decline!in!PRBs.!
3.1!Introduction!
As! discussed! earlier,! permeable! reactive! barrier! (PRB)! is! a! wellA
known! technology! for! groundwater! treatment! (U.S.! EPA! 2002F! Das! 2002F!
Chandrappa! and! Das! 2012,! 2014).! It! is! a! passive! inAsitu! treatment! wall!
(porous)! filled! with! a! reactive! material! and! installed! perpendicular! to! the!
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groundwater!flow!in!the!subsurface!(Figure!3.1).!Conventionally,!zeroAvalent!
iron!(ZVI)!is!the!reactive!material!used!in!PRBs!but!other!materials!such!as!
surfactantAmodified! zeolites! and! peat! moss! have! also! been! used!
(Chandrappa! and! Das! 2012,! 2014).! One! of! the! main! limitations! of! this!
technology!has!to!do!with!somewhat!unpredictable!longevity!of!the!treatment!
system.! This! is! mainly! due! to! the! intricate! physicoAchemical! processes,!
which! occur! in! the! PRB! during! the! treatment! process,! one! of! which! is!
permeability! losses! (Philip! et! al.,! 2003F! Li! et! al.,! 2005F! Ruhl! et! al.,! 2011F!
Wilkin!et!al.,!2014).!
Permeability! decline! of! ZVI! in! PRB! primarily! takes! place! due! to!
mineral! precipitation! (Liang! et! al.,! 2003F!Hosseini! et! al.,! 2011).!Apart! from!
participating! in! reactions! that! are! capable! of! degrading! the! contaminants,!
ZVI!will! also! react!with!dissolved!oxygen!and!other!mineral! constituents! in!
the!groundwater!(mainly!carbonates)!as!well!as!the!water!itself!to!form!iron!
hydroxides.! The! formation! of! these! secondary! precipitates! produces! a!
coating!on! the!ZVI!particles!surface!and!clogs! the!pores! in! the!ZVI!barrier.!
As!a!result,!a!decline!in!the!porosity,!and!therefore,!permeability!of!the!ZVI!
barrier! occurs,! and! the! access! of! the! contaminants! to! ZVI! becomes!
constrained.!
!
!
!
!
!
!
!
!
!
Figure!3.1:!Schematic!diagram!showing!contaminated!groundwater! flowing!
through!a!PRB!
!
!
Treated!water!
Groundwater!flow!!
P
Contaminant!plume!
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As!PRB!is!a!passive!treatment!system,!there!are!no!additional!forces!
that! drive! the! flow! of! contaminant! plumes! through! the! PRB! (Das,! 2005F!
Chandrappa!and!Das!2014).!Therefore,!the!contaminated!groundwater!may!
bypass! if! the! barrier! is! blocked! significantly! due! to! the! reduction! in!
permeability,! and! thus,! the! main! function! of! the! PRB,! i.e.,! contaminants!
treatment,! may! be! lost.! As! such,! it! is! important! to! have! an! idea! of! the!
permeability!loss!over!time!for!particular!design!of!a!PRB.!It!is!evident!from!
several! literatures! (e.g.,!Wilkin!et!al.,! 2002F!Reardon!2005F! Johnson!et!al.,!
2008)! that! the!permeability! loss!occurs!after! the!PRB!has!been! installed! in!
the!subsurface.!However,! the!data!collected! from! field!scale!are!difficult! to!
use!directly! to! determine! the! longAterm!permeability! losses!due! to! the! fact!
that!there!are!many!uncontrolled!parameters!that!affect!the!process.!On!the!
other!hand,!due!to!the!time!limitations,!the!data!collection!which!is!prolonged!
for!many!years!in!laboratory!scale!studies!is!often!not!practical.!In!principle,!
an! approach! based! on! computational! fluid! dynamics! (CFD)! may! be!
employed! to!determine!permeability! losses! (e.g.,!see,!Liu!et!al.,!2011)!and!
the!mathematical!modelling! should! be! capable! of! determining! if! there! is! a!
decline! in! the! permeability! (Jeen! et! al.,! 2012).! However,! the! CFD! tools!
generally! require! complex! solution! procedures! for! the! governing! equations!
for!mass!transport!and!fluid!flow!besides!any!other!constitutive!equations!for!
changes! in! the! physicoAchemical! properties! of! the! PRB.! The!CFD!models!
generally!assume!that!the!in6situ!processes!in!the!PRB!can!be!described!by!
wellAdefined! parameters! and! governing! equationsF! however,! this! is! not!
necessarily!the!case.!!
In! a! different! context,! it! can! be! seen! that! several! researchers! have!
applied!the!artificial!neural!networks!(ANNs)!in!predicting!the!permeability!for!
porous! domains! (e.g.,! oil! reservoirs,!membrane! filters! for!water! treatment)!
and!have!concluded!that!ANN!performed!well!and!provided!accurate!results!
(Afshari!et!al.,!2014F!Inthata!et!al.,!2013F!Karimpouli!et!al.,!2010).!The!ANN!
is! a! computational! tool! composed! of! simple! elements! working! in! parallel!
commonly! known! as! neurons! (Hanspal! et! al.,! 2013),! which! imitate! the!
workings!of!the!human!brain!and!nervous!system.!The!neurons!are!grouped!
into! three! interconnected! layers! (the! input,! hidden! and! output! layers)!
(Modrogan!et!al.,!2010F!Deka!and!Quddus,!2014).!It!is!used!as!an!alternative!
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to! logistic! regression,!which! is!a!statistical! technique!with! the!same!goal!of!
predicting! an! outcome! variable! based! on! preAdetermined! set! of! input!
parameters.!However,!ANN!is!not!a!physically!based!approach!and!it!relies!
on!the!network’s!ability!to!understand!given!information!and/or!outputs!from!
physically! based! relationships! derived! using! other! methods,! e.g.,! CFD!
and/or!experiments!(Tu!1996F!Deka!and!Quddus,!2014).!For!example,!ANN!
architectures! were! developed! to! determine! dynamic! capillary! pressure!
effects!in!twoAphase!flow!in!heterogeneous!porous!domains!which!used!data!
from!computational!flow!physicsAbased!studies!(Das!et!al.,!2015).!
In! the! context! of! this!work,!ANN! is!an!attractive!option!as! it! can!be!
used! to! determine! the! slow! process! of! permeability! decline! in! PRB!much!
beyond!the!span!of!typical!laboratory!experiments.!ANN!allows!a!continuous!
learning!process!where!the!input!data!can!continuously!be!updated!creating!
a! larger! database! for! better! training! and! validation! of! the! ANN! structure,!
hence,!enabling!better!predictions.!The!input!and!output!parameters!for!the!
ANN! structures! can! be! controlled! and! varied! to! simulate! a! process!where!
data!are!missing!or!only!discreet!data!points!are!available,!e.g.,!see!the!work!
by!Zargari!et!al.,!2013.!Zargari!et!al.!(2013)!claimed!that!the!most!accurate!
permeability! data! from! the! laboratory! experiments! do! not! provide! a!
continuous!profile!along!the!line!of!measurement.!Therefore,!they!used!ANN!
to! predict! the! porosity! and! permeability! of! their! porous! domain! of! interest!
which!were! then!compared!with! the!experimental! results.! It!was!concluded!
that! the! ANN! models! provided! lower! errors! and! the! results! from! porosity!
modelling!is!better!than!from!the!permeability!modelling.!!
Motivated!by!the!above!background,!the!work!in!this!chapter!aims!to!
develop! artificial! neural! networks! (ANNs)! for! predicting! the! permeability!
losses!in!PRB.!The!main!objective!is!to!develop!the!ANNs!and!use!them!to!
model!the!permeability!losses!that!take!place!in!zeroAvalent!iron!permeable!
reactive! barriers! (PRBs).!A! variety! of! single! and!double! hidden! layer!ANN!
structures!were!designed!to!predict!permeability!decline!at!different!pressure!
points!of!a!laboratory!scale!PRB!which!was!carried!out!mainly!by!varying!the!
number!of!neurons!in!the!hidden!layer(s).!Bearing!in!mind!that!increasing!the!
number! of! neurons! and! the! number! of! hidden! layers! do! not! necessarily!
determine! how! good! an! ANN! structure! is,! a! statistical! analysis! of! the!
CHAPTER 3  25 !
 
Umarat Santisukkasaem  2016 
obtained! results! was! carried! out! to! identify! the! best! ANN! structures! by!
comparing!them!to!regression!models.!!
3.2!Methodology!
3.2.1!Data!collection! !
The!reference!datasets!used!for!the!development!and!implementation!
of! the! ANN! were! obtained! from! wellAdefined! inAhouse! laboratory!
experiments.!For!this!purpose,!two!clear!acrylic!square!tubes!(Hindleys!Ltd.,!
Sheffield,!UK)!with! the!dimensions!of!10!cm!height!x!4.45!cm!width!x!4.45!
cm! length! and! wall! thickness! of! 0.63! cm! were! packed! with! ZVI! of! two!
different! particle! sizes,! namely,! coarse! (2.35! ±! 0.01!mm)! and! fine! (0.40! ±!
0.02!mm)!sizes.!The!density!of!then!ZVI!particles!obtained!from!pycnometer!
measurement!was!7.25!g/cm3.!For! the!fine!and!coarse!ZVI!beds,! the! initial!
porosities! at! the! time! of! packing! the! particles! were! 0.62! and! 0.52,!
respectively.!
!
Figure!3.2:!Schematic!diagrams!of! (a)!experimental! setup! for! collecting!of!
data!of!permeability!losses!over!time!and!(b)!location!of!pressure!ports!
Figure!3.2!illustrates!the!schematic!diagram!of!the!experimental!setup!
where! water! flowed! through! the! column! at! the! initial! flow! rates! of! 0.29!
mL/min! and! 0.24! mL/min! for! coarse! and! fine! ZVI,! respectively.! The! fluid!
pressure! was! measured! using! pressure! meters! at! different! time! intervals!
from! the! 4! pressure! measuring! ports,! P1,! P2,! P3! and! P4.! The! differential!
pressure! used! in! this! study! is! denoted! as! ΔP! with! the! subscript! of! port!
location,!i.e.!ΔP12!means!the!difference!in!pressure!between!P1!and!P2.!The!
permeability!values!at!any!particular! time!were!calculated!from!Darcy’s! law!
(Holdich,! 2002F! Das! et! al.,! 2005F! Nassehi! and! Das,! 2007)! using! the!
measured!data!from!the!experiments.!Please!note!that!although!the!data!are!
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collected! from! laboratory! scale! (small)! experiments,! the! designed! set! up!
represent! real! field! scale! values.! This! is! because! the! relevant! parameters!
were!kept!similar!to!the!field!conditions!as!far!as!possible.!For!example,!the!
flow!rate!was!set!to!simulate!typical!groundwater!flow!and!the!ZVI!packing!in!
the!cell!was!similar!to!a!real!PRB.!
3.2.2!ANN!modeling!
In!this!study,!MATLAB’s!ANN!toolbox!was!used!to!develop!single!and!
double!hidden!layer!ANNs.!The!reference!data!were!imported!into!MATLAB!
using! appropriate! calling! functions! after! which! each! network! was! trained.!
The! training!was! carried! out! by! dividing! the! collected! data! into! three! sets:!
70%!for!training,!15%!for!validation!and!15%!for!testing!the!ANN!structures.!
During!training,!the!number!of!neurons!hidden!layer(s)!was!varied!from!2!to!
12!neurons!to!determine!the!optimum!architecture.!A!correlation!coefficient,!
R! and! slope,!m,! with! values! close! to! 1! and! an! intercept! value! close! to! 0,!
were!the!criteria!used!to!indicate!a!good!ANN!structure.!Each!structure!was!
trained!at!least!20!times!and!an!average!of!the!best!10!network!training!data!
results! were! further! analysed! to! determine! the! best! singleA! and! doubleA!
hiddenAlayered! structures! for! each! of! the! 4! sets! of! data.! Details! of! the!
extensive!analysis!carried!out!on! the! results!obtained!are!discussed! in! the!
following!sections.!
!
Before! training! the! neural! networks,! some! default! processing!
functions!were!altered!by!changing!some!of!the!network!parameters!to!scale!
the!input!and!targets!to!be!within!the!desired!range.!The!epoch!limit!was!set!
to!200! iterations,! the!goal! for!error!was!set! to!0!and! the! {mapstd}! function!
(i.e.,! the! function! that!processes! the!data!matrices!by!mapping!each! row’s!
means! and! deviations! to! the! default! value)! was! used! to! normalise! the!
training! dataset! values! to! lie! between! 0! and! 1.! In! addition,! regression!
analysis!was!carried!on!the!reference!experimental!data!to!validate!the!ANN!
performance,!details!of!which!will!be!discussed!subsequently.!
!
As! shown! in! Table! 3.1,! the! input! variables! include! fluid! residence!
time,! pressure! drops! at! four! (4)! measuring! ports! in! the! ZVI! filled! cells!
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representing! small! laboratory! scale! PRBs! (see! Figure! 3.2),! inlet! flow! rate,!
dynamic!viscosity!of! fluid,!average!porosity! (initial!values),!average!particle!
size! (initial! values)! and! the! length! of! the! laboratory! scale! reactor! while!
permeability! was! the! output! variable.! The! input! and! output! variables!were!
selected! as! they! are! known! to! affect! either! the! flow! of! a! fluid! through! the!
porous!materials!and!hence,!the!permeability!losses.!
!
!
!
!
Figure!3.3:! The! two!proposed!ANN!structures! containing! seven! inputs! (a)!
singleAhiddenAlayer!model!and!(b)!doubleAhiddenAlayer!model!
!
!
!
(a)!
(b)!
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Table&3.1:!Statistics!of!the!input!and!output!variables!used!for!ANN!modeling!
!
! Independent&
variable&1:&
time&(day)&
Independent&
variable&2:&
viscosity&
(g/ms)&
Independent&
variable&3:&
length&of&
the&reactor&
(m)&
Independent&
variable&4:&
porosity&
Independent&
variable&5:&
particle&size&
(mm)&
Independent&
variable&6:&
pressure&
drop&(mbar)&
Independent&
variable&7:&inlet&
flow&rate&(ml/h)&
Dependent&variable:&
permeability&(m2)&
Range& 0972! 9.13x1094! 0.1! 0.5290.62! 2.3594! 096.84! 14.4917.4! 2.33x109109!3.58x1097!
Mean&
value&
9! 9! 9! 0.57! 3.175! 1.33! 15.9! 4.15x1098!
Standard&
deviation&
9! 9! 9! 0.07! 1.17! 1.49! 2.12! 6.57x1098!
!
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In!artificial!neural!networking,!the!output!values!can!be!determined!at!
a! time! from! the! given! set! of! input! variables,! combining! the! pressure! drop!
results!obtained!from!the!4!measuring!ports!(∆P12,!∆P13,!∆P34!and!∆P24).!The!
fine! and! coarse! ZVI! data! were! combined! in! order! to! have! a! substantial!
number! of! datasets.! However,! the! process! of! developing! the! ANN!
architectures! would! be! very! complex,! and! could! introduce! artificial! overJ
fitting!of!the!data.!Hence,!relatively!simple!ANN!structures,!shown!in!Figure!
3.3,!were!used!for!singleJhiddenJlayer!model!and!doubleJhiddenJlayer!model!
with! seven! inputs.! The! mentioned! structures! were! used! to! model! the!
permeability! decline! in! the! PRB! utilising! the! data! obtained! from! the! 4!
pressure! measuring! ports! separately! using! the! same! six! other! input!
variables!in!the!input!layer!of!the!ANN!architecture.!
 
3.2.3$Performance$testing$
After!developing!various!ANNs,! the!data!collected!were!used!as! the!
testing!data.!Utilizing!Microsoft!Excel,!the!following!criteria!were!employed!to!
compare! the! performance! of! the! ANN! and! regression! models:! average!
absolute! relative! error,! sum! squared! error,! threshold! statistics,! correlation!
coefficient,!and!NashJSutcliffe!efficiency.!These!are!discussed!below.!!
!
Average'Absolute'Relative'Error'(AARE):'
!
This!measure!of!accuracy!is!the!average!of!the!relative!errors!usually!
expressed!as!a!percentage!and!is!defined!as!follows:!!!!!
$
!!!!!!!!!!!!!!!!!!!!!!!!AARE = %& '()*+',-.',-.&/0% ×1004! ! !!!!!!!!!!!!!!!!(3.1)$
!
where'N!is!the!total!number!of!data!points!predictedU!56784and!59:;!are!
the! observed! and! calculated! permeabilities,! respectively.! Good! model!
performances!are!indicated!by!lower!AARE!values.!
!
'
'
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Sum'Squared'Error'(SSE):'
!
This!represents!the!total!squared!deviation!between!the!observed!and!
calculated!values.!It!is!also!used!as!a!measure!of!variation!within!a!group!of!
data.!It!is!defined!by!the!formula!
!
! ! ! SSE = (&/0% 5678 − 59:;)@! ! !!!!!!!!!!!!!!!!(3.2)!
!
If!all!model!results!were!identical!the!SSE!would!be!0.!!
!
Threshold'Statistics'(TS):'
!
Here,! a! set! of! threshold! values! are! used! to! distinguish! ranges! of!
values!when!the!predicted!behavior!of!a!model!varies! in!an! important!way.!
The!threshold!statistics! for!a! level!of!absolute!relative!error! (ARE)!of'x%' is!
defined!by!the!formula! TS = &B& 4! ! !!!!!!!!!!!!!!!!!!!! !!!!!(3.3)$
!
where! Nx! is! the! predicted! number! of! data! points! for! which! the!
absolute!relative!error!falls!below!the!x%.!The!percentages!used!in!this!work!
are! 5,! 10,! 25,! 50! and! 100%.! This! equation! measures! the! consistency! in!
prediction!errors.!Large!threshold!values!indicate!better!model!performance.!
$
Correlation'Coefficient'(R):'
!
The!Pearson!product!moment!coefficient!R!is!defined!by!the!equation!
! R = (',-.+',-.)×('()*+'()*)(',-.+',-.)C×('()*+'()*)C44!! !!!!!!!!!!!!!!!!!(3.4)!
where! 5678! and! 59:;4are! the! average! observed! and! calculated!
permeability! values,! k.! This! equation! was! used! to! show! the! dependency!
between!simulated!and!observed!data.!A!good!model!is!indicated!by!having!
RJvalues!nearing!1.0.!!
NashBSutcliffe'efficiency'(E):'
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!
The!NashJSutcliffe!efficiency!coefficient!E!is!defined!by!the!formula:!E = 1 − ('()*+',-.)C(',-.+',-.)C4!!! ! !!!!!!!!!!!!!!!!!(3.5)!
Values!of!E!nearing!unity!signify!high!accuracy!of!predicted!data!and!
hence,!indicate!a!good!model.!!
!
3.2.4$Multiple$regression$analysis$
Multiple!regression!analysis!(MRA)!is!a!statistical!analysis!method.!It!
construes! the! variance! of! a! dependent! variable! using! given! independent!
variables.! In!order! to! find! the!best!permeabilityJpredicting!model,!MRA!was!
employed! by! using! experimentally! collected! and! observed! permeability!
results! to! serve! as! independent! and! dependent! variables,! respectively.! In!
this!chapter,!both!linear!and!nonJlinear!MRA!were!adopted.!They!were!used!
as!comparisons!to!the!predictions!acquired!using!ANN.!The!regression!data!
analysis! tool! of! Microsoft! Excel! was! utilized! for! all! regression! modelling!
work.!!
$
Linear'multiple'regression'(LMR):'
!
LMR! was! employed! to! generate! a! mathematical! relationship! that!
describes! variations! on! the! permeability,! regressed! against! all! seven!
independent!input!parameters!
!
!D = EF + E%H% + E@H@ …+ EJHJ4444! ! !!!!!!!!!!!!!!!!!(3.6)!
!
where:!k! is! the!permeabilityU! !EF → EJ!are! the!regression!coefficients!
to! be! estimated! using! the! ANOVA! regression! toolU! and! H% → 4HJ! are! the!
independent!variables!which!are!all!raised!to!the!power!of!1.!
!
'
'
'
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NonBlinear'multiple'regression'(NLMR):'
!
In! this! work! the! nonJlinear! multiple! regression! (NLMR)! was! also!
applied! to! evaluate! the! ANN! result.! By! applying! the! same! variables! as! in!
LMR,!NLMR!uses!a!polynomial!range!of!different!orders!as!investigated!by!
Jain!and!Indurthy!(2003).!The!general!forms!of!the!equations!for!NLMR!have!
been! chosen! as! recommended! by! Jain! and! Indurthy! (2003),! where! the!
permeability!values!are!regressed!as!shown!below.!!
!
!!!!!!!!!!!!!!D = EF + E%(H%)F.FM + E@(H@)F.FM …+ EJ(HJ)F.FM44!!!!!!!!!!!!!!!!(3.7)!
!! !!!D = EF + E%(H%)F.M + E@(H@)F.M …+ EJ(HJ)F.M4! !! !!!!!!(3.8)!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!D = EF + E%(H%)%.@M + E@(H@)%.@M …+ EJ(HJ)%.@M4!!!!!!!!!!!!!!!!!!(3.9)!
3.3$Results$and$discussion$
3.3.1$Data$Collection$
The! experimentally! determined! plot! of! flow! rate! at! the! outlet! (mL/h)!
versus! time!(day)! for!both!coarse!and! fine!ZVI!particles! is!shown! in!Figure!
3.4.!For!the!same!inlet!flow!rate,!and,!hence,!fluid!pressure!at!the!inlet,!it!can!
be!seen! that! the!outlet! flow! rate! is! continuously!decreasing!with! time.!The!
outlet! flow! rate! is! significantly! reduced! for!both!particle! sizes,! i.e.,! from!18!
mL/h! to!1!mL/h!and! from!14.5!mL/h! to!8!mL/h! for! the!coarse!and! fine!ZVI!
particles,! respectively.! This! indicates! that! the! permeability! is! decreasing,!
thus!reducing!the!flow!rate!for!the!same!imposed!inlet!fluid!pressure.!
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Figure$3.4:!Outlet!flow!rate!(mL/h)!versus!time!(day)!for!ZVI!beds!consisting!
of!coarse!and!fine!ZVI!particles.!Please!note!that!data!are!presented!starting!
from!2!days!as!the!PRBs!take!approximately!2!days!to!reach!steady!values.!
As! shown! in! Figure! 3.2,! the! pressure! drop! values! were! measured!
across! 4! different! reference! points! of! ΔP12,! ΔP14,! ΔP13! and! ΔP24.! The!
permeability!(k)!values!were!calculated!from!the!directly!measured!data!from!
the! experiment! using! Darcy’s! law.! Figure! 3.5! illustrates! the! permeability!
across!the!4!different!reference!points!at!different!time!periods!for!the!coarse!
and!fine!particles.!The!trend! is!more!obvious!for!coarse!particles!but! it!can!
still!be!observed!that!the!permeability!is!decreasing!in!the!similar!patterns!for!
both!particle!sizes.!As! the! reactor! is!small,! the!differences! in! the! losses! in!
permeability! values! at! different! locations! are! small! and! it! seems! that! the!
permeability!values!are!quite!close!to!each!other!as!well.!These!permeability!
values!are!used!as!a!reference!data!for!developing!the!ANN!structure!which!
will!be!discussed!in!the!following!section.!!
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!
Figure$3.5:!The!intrinsic!permeability!values!(k,!m2)!versus!time!(day)!for!(a)!
coarse!and!(b)!fine!ZVI!particles!!
3.3.2$ANN$modeling$$
Training'and'validation'of'ANN'structures'
Figure!3.6!depicts! typical!plots! for! training!and!postJtraining!analysis!
of!an!ANN!structure!for!a!selected!pressure!point,!i.e.,!∆P13.!It!was!observed!
that! the! meanJsquare! errors! decreased! as! the! network! training! process!
progressed.!!
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Figure$ 3.6:$ (a)$Trained! network! analysis! and! (b)! postJtraining! analysis! for!
ANN![7J4J6J1]!model!of!∆P13!data!
!
The! number! of! iterations! (epochs)! was! varied! for! all! ANN! models!
trained.!This!was!due!to!the!fact!that!the!validation!test!stops!the!training!of!
the! network!when! the! peak! performance! is! achieved.! It! can! be! seen! from!
Figure!3.6(b)!that!the!postJtraining!analysis!provided!the!best!linear!fit!of!the!
data!points!(shown!in!red!linear!line)!between!the!plot!of!the!outputs!(Y)!on!
the!yJaxis!and!the!targets!(T)!on!the!xJaxis.!It!is!also!confirmed!by!the!high!R!
value!of!0.997.!The!line!of!best!fit! is!then!used!to!determine!the!correlation!
coefficient,! slope! and! intercept! which! were! the! results! used! to! decide! the!
best! ANN! structure.! Table! 3.2! shows! the! post! analysis! results! of! the! best!
ANN!structures!using!each!of!the!4!sets!of!reference!data.!Generally,!good!
results!were!obtained!using! the!∆P12,!∆P13!and!∆P34!but!not!with! the!∆P24!
data.! We! believe! this! is! due! to! the! shortage! of! data! points,! but! as! more!
experimental!data!become!available!in!the!future,!better!prediction!would!be!
achieved.!!
ANN'Performance'Testing'
From! the!AARE!plots! depicted! in! Figure! 3.7,! it! is! evident! that! the!ANN!
structures!have!AARE!values!with!a!magnitude!10!times! lower!than!that!of!
the!regression!models,!i.e.,!the!ANN!structures!performed!significantly!better!
than!the! linear!and!nonJlinear!regression!models.!However,! there!were!two!
exceptions!where!the!ANN!structures!designed!with!the!∆P12!and!∆P24!data!
performed! in! a! similar!manner! to! the! nonJlinear! regression! (Figure! 3.7(a))!
(a)$ (b)$
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and! linear! regression! (Figure! 3.7(d)),! respectively,! possibly! due! to! data!
shortage!(74!data!points).!Nevertheless,!the!ANN![7J10J12J1]!model!showed!
some!improvement.!It!can!be!seen!from!Figure!3.7(b)!that!the!ANN![7J4J6J1]!
model!had!a!!low!value!!when!the!∆P13!data!was!used,!while!in!Figure!3.7(a)$
the!AARE!values!for!the!ANN!structures!designed!using!the!∆P12!data!are!all!
of!similar!magnitudes.!Also,! from!Figure!3.7(c),! it!can!be!observed!that! the!
ANN![7J2J1]!performed!notably!better!than!the!other!ANN!structures!having!
a!value!of!15.61!when!the!∆P34!data!was!utilized.!
Table$3.2:$Post!training!data!of!the!best!ANN!structures!using!experimental!
data!from!4!different!pressure!points!
ANN$structure! Correlation$coefficient,$$R! Slope,$m! Intercept,$c!
∆
P12!
!
7J2J1! 0.9167! 0.7476! 7.42EJ13!
7J4J1! 0.9211! 0.8350! 4.88EJ13!
7J6J1! 0.9161! 0.8720! 5.28EJ13!
7J2J4J1! 0.9113! 0.8450! 8.21EJ13!
7J4J6J1! 0.9328! 0.8310! 7.05EJ13!
7J6J8J1! 0.9304! 0.8220! 7.41EJ13!
∆
P13!
!
7J2J1! 0.9730! 0.8650! 6.58EJ13!
7J8J1! 0.9718! 0.9520! 2.39EJ13!
7J10J1! 0.9485! 0.9030! 3.66EJ13!
7J4J6J1! 0.9926! 0.9730! 8.73EJ15!
7J8J10J1! 0.9752! 0.9330! 2.68EJ13!
7J10J12J1! 0.9639! 0.9170! 4.74EJ13!
∆
P34!
!
7J2J1! 0.9782! 0.9810! 4.62EJ14!
7J4J1! 0.9745! 0.9520! 1.50EJ13!
7J6J1! 0.9723! 0.9670! 1.05EJ13!
7J2J4J1! 0.9696! 0.9020! 8.73EJ15!
7J4J6J1! 0.9534! 0.9070! 3.86EJ13!
7J10J12J1! 0.9732! 0.9400! 1.86EJ13!
∆
P24!
7J2J1! 0.4732! 0.2165! 4.76EJ12!
7J6J1! 0.4098! 0.1878! 6.06EJ12!
7J10J1! 0.5082! 0.2740! 5.13EJ12!
7J2J4J1! 0.5519! 0.3443! 4.69EJ12!
7J8J10J1! 0.6261! 0.4180! 3.78EJ12!
7J10J12J1! 0.6383! 0.4590! 4.01EJ12!
 
Figure! 3.7! illustrates! the! SSE! comparisons! and! it! signifies! that! the!
regression!models!perform!poorly!for!all!the!4!datasets.!Particularly,!the!x0.05!
nonJlinear!regression!model!performed!the!worst!in!all!4!cases!with!errors!of!
1.19x10J20,!2.96x10J20,!2.79x10J21!and!6.15x10J20.!From!Figure!3.8(a),! it!can!
be! seen! that! the! ANN! structures! designed! using! the! ∆P12! data! performed!
similarly! with! the! exceptions! of! ANN! [7J2J1]! which! had! higher! error! of!
2.61x10J22.! This! trend!with! the!ANN! [7J2J1]!model!was! also! seen!with! the!
∆P13!data!as!shown!in!Figure!3.8(b)!with!the!value!of!3.55x10J22,!the!ANN![7J
4J6J1]!model!is!seen!to!perform!the!best!using!the!∆P13!data!with!the!value!of!
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1.56x10J23.!From!Figure!3.8(c),!it!can!be!observed!that!the!ANN![7J10J12J1]!
performed!well!with! the!∆P34!data! (error:!1.20!x10J25).! In! terms!of! the!ANN!
structures!designed!with!the!∆P24!data,!although!the!SSE!values!were!higher!
than! anticipated,! the! double! hidden! layer! structures! are! seen! to! perform!
better!than!the!single! layer!structures.!The!results! improved!as!the!number!
of!neurons! in! the!double!hidden! layer!was! increased,! i.e.,!ANN![7J10J12J1]!
performed!the!best!with!an!error!value!of!7.74x10J21.!
 
Figure$ 3.7:! Comparisons! of! the! AARE! of! the! regression! (linear! and! nonJ
linear)!and!ANN!structures!at!different!reference!points!(a)!∆P12U!(b)!∆P13U!(c)$
∆P34U!and!(d)!∆P24!!
!
!
!
!
(b)$∆P13$(a)$∆P12$
(c)$∆P34$ (d)$∆P24$
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Figure$ 3.8:! Comparisons! of! the! SSE! between! regression! and! ANN!
structures!at! different! reference!points! (a)!∆P12U! (b)!∆P13U! (c)$∆P34U! and! (d)!
∆P24!!
 
 
Figure$ 3.9:! Comparisons! of! E! and! R' between! regression! and! ANN!
structures!at! different! reference!points! (a)!∆P12U! (b)!∆P13U! (c)$∆P34U! and! (d)!
∆P24!
(c)$∆P34$
(a)$∆P12$ (b)$∆P13$
(d)$∆P24$
(c)$∆P34$ (d)$∆P24$
(a)$∆P12$ (b)$∆P13$
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Figure$ 3.10:$Comparison! of! threshold! values! between! regression! and! the!
ANN!structures!at!different!reference!points!(a)!∆P12U!(b)!∆P13U!(c)$∆P34U!and!
(d)!∆P24!
!
Comparisons!between!the!regression!(linear!and!nonJlinear)!and!ANN!
models! using! efficiency! (E)! and! correlation! coefficient! (R)! as! presented! in!
Figure!3.9!also!highlight!how!poorly! the! regression!models!performed!with!
the! nonJlinear! regression! models! performing! the! worst.! For! example! from!
Figure! 3.9(d),! the! x0.05! nonJlinear! regression! model! is! seen! to! have! an!
efficiency!E!of!J0.267!and!a!correlation!coefficient!R!of!0.000121,!which!are!
very!low!values.!On!the!other!hand,!the!ANN!structures!had!high!efficiency!
and! correlation! coefficient! values,! with! most! values! nearing! 1! except! the!
models! designed! using! the! ∆P24! data! with! the! highest! efficiency! and!
correlation! coefficient! values! being! 0.7072! and! 0.6383,! respectively.! It! is!
logical! to!expect! that! the!ANNs!would!perform!better! than!the!LR!and!NLR!
models!as!the!ANNs!are!trained!to!the!data!obtained!while!the!LR!and!NLR!
are! simply! regressed! using! the! available! data! points.! The! data! collected!
from! the! experiments! are! governed! by! Darcy’s! law! which! is! a! linear!
relationship! between! permeability! and! other! factors! that! affect! the! flow!
hydrodynamics! (e.g.,! pressure! drop).! However,! the! permeability! losses! in!
the!PRBs!seem! to!be!a!nonJlinear!process!and!consequently,!none!of! the!
LR!and!NLRs!performs!well.!!
 
(a)$∆P12$ (b)$∆P13$
(c)$∆P34$ (d)$∆P24$
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Observing!the!threshold!statistics!plots,!the!underperformance!of!the!
regression! models! is! again! apparent! as! Figure! 3.10! shows.! From! Figure!
3.10(a),!the!poor!performance!of!the!NLR!(x0.05)!is!visible!where!none!of!the!
AARE!values!fell!into!the!threshold!statistics!categories.!In!contrast,!it!can!be!
seen!that!the!ANN![7J4J1]!structure!performed!the!best!with!a!TSJ5!value!of!
87.84!and!100%!of! its!AARE!values!were!within! the!TSJ100!category.!The!
TS! values! obtained! from! the!∆P24! data!were! again! lower! than! anticipated.!
Even! for! TSJ100,! the! highest! value! obtained! was! only! 48.65! obtained! by!
both! ANN! [7J8J10J1]! and! [7J10J12J1]U! these! might! be! due! to! the! data!
shortage!as!discussed!previously.!
 
It! is! evident! from! the! performance! testing! by! comparing! the! results!
from!ANN!prediction! to! that!of! the!regression!models!(both! linear!and!nonJ
linear)!that!the!ANN!has!higher!accuracy.!From!the!comparisons!of!all!ANN!
models! and! the! error! statistics,! it! also! seems! that! the! best! performing!
models! are! singleJhiddenJlayer! model! ANN! [7J2J1]! with! the! data! at! the!
pressure!point!of!∆P34!and!doubleJhiddenJlayered!model!ANN![7J4J6J1]!with!
the! data! at! the! pressure! point! of! ∆P13.! In! order! to! demonstrate! how! the!
permeability! data! compare,! Figure! 3.11! is! prepared! which! depicts! the!
permeability! versus! time! plots! using! the! data! from! one! of! these! ANN!
structures,! namely:! (a)! singleJhiddenJlayered! model! ANN! [7J2J1]! and! the!
regression!modelsU!and!(b)!doubleJhiddenJlayered!model!ANN![7J4J6J1]!and!
regression!models.!The!structures!of! these! two!ANNs!are!shown! in!Figure!
3.3! which! we! used! to! explain! the! proposed! ANNs.! The! data! from! these!
ANNs!were!compared!with! the!reference!permeability!data!correspondingly!
to! determine! the! accuracy! of! the! ANN! and! regression!models.! The! figure!
reflects! that! the! predictive! abilities! of! regression! (linear! and! nonJlinear)!
models! are! significantly! poor.! Although! the! linear! regression! models!
performed!slightly!better!than!the!nonJlinear!regression!models,!they!do!not!
provide!sufficient! representation!of! the! reference!permeability!data.!On! the!
other!hand,!ANN!structures,!both!single!and!hidden!layer!equally!provide!a!
much!more!accurate!depiction!of!the!characteristic!behavior!of!the!reference!
permeability! data.! In! Figure! 3.11,! the! LR! and! NLR! equations! at! ∆P34! are!
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given!by!k!=!3.75EJ12!+!7.51EJ15!(X1)!J!2.74EJ12(X2)!+!5.02EJ12(X7)!and!k!
=!3.75EJ12+7.51EJ15(X10.5)J2.74EJ12(X20.5)!+!5.02EJ12(X70.5),!respectively.!!
The! LR! and!NLR! equations! are! k! =! 8.997EJ12J1.47EJ13(X1)J2.44EJ
12(X2)! +! 1.11EJ11(X7)! and! k! =! 8.997EJ12J1.47EJ13(X10.5)J2.44EJ
12(X20.5)+1.11EJ11(X70.5)!at!∆P13,!respectively.!
 
Figure$ 3.11:$The! plot! of! permeability! versus! time! for:! (a)!Reference! data,!
ANN! [7J2J1],! LR! and! NLR! (0.5)! models! at! ∆P34U! and! (b)! Reference! data,!
ANN![7J4J6J1],!LR!and!NLR!(0.5)!models!at!∆P13 
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3.4$Summary$ $
The! main! objective! of! this! study,! i.e.,! to! create! a! permeabilityJ
predicting! ANN! structure! has! been! achieved.! ANNs! (single! and! double!
hidden! layered)! and! regression! (linear! and! nonJlinear)! models! were!
attempted!and!the!complex!relationships!between!the!observed!permeability!
decline! and! the! physical! parameters! characterizing! the! process! were!
determined.! The! deployed! data! used! for! model! development,! network!
training,!performance!evaluation!and!further!analysis!were!gathered!from!inJ
house!experiments!data.!Permeability! loss! is!one!of! the!main! limitations!of!
the!ZVIJPRB!technology,!and!it!has!been!established!that!ANNs!can!model!
these! permeability! losses! better! than! regression! models.! From! the!
performance! statistics! parameters,! which! comprise! the! average! absolute!
relative! error! (AARE),! sum!squared!errors! (SSE),! threshold! statistics! (TS),!
correlation! coefficient! (R)! and!efficiency! (E),! the!high!performance!of!ANN!
for! predicting! the! permeability! decline! in! PRBs! is! demonstrated.! It! can! be!
seen! from!the!correlation!coefficient!value! in! the!postJtraining!data! that! the!
best!single!and!doubleJhiddenJlayer!ANN!structures!are!ANN![7J2J1]!at!∆P34!
and! ANN! [7J4J6J1]! at! ∆P13,! respectively.! According! to! all! performance!
comparison!criteria,!these!two!structures!reflect!the!best!results.!In!addition,!
these! structures! are! matched! with! the! proposed! ANN! structures.! In!
summary,!ANN! is!shown! to!be!a! reliable! tool! in!predicting! the!permeability!
loss!in!PRB!system!and!the!best!ANN!structures!that!should!be!adopted!are!
ANN![7J2J1]!and!ANN![7J4J6J1].!
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CHAPTER$4$
$
A$NONSDIMENSIONAL$ANALYSIS$OF$PERMEABILITY$LOSS$
IN$ZEROSVALENT$IRON$PERMEABLE$REACTIVE$BARRIER$
(PRB)$
Chapter$Overview$
The!mineral!precipitation!that!occurs!in!the!PRB!due!to!the!reactions!
among! ZVI,! contaminants! and! groundwater! causes! alteration! of! the! ZVI!
surface,! resulting! in! pore! clogging,! which! reduces! the! overall! permeability!
and!porosity!of!the!PRB.!Many!researchers!have!worked!on!the!identification!
of!secondary!minerals!and!permeability!reduction! in!PRB.!However,!due!to!
the!complexity!of! the!subsurface!and! interdependence!of!different! relevant!
parameters,!PRB!dimensions!vary!from!one!case!to!another.!To!aid!design!
of!these!PRBs,!a!nonJdimensional!analysis!of!the!permeability!reduction!has!
been! carried! out! in! this!work!where! the! dimensionless! equation! has! been!
identified!to!correlate!different!variables.!Additionally,!the!change!in!physical!
features!of!ZVI!PRB!has!been!identified!using!the!inspection!system!of!xJray!
microcomputer!tomography!(µCT)!and!it!has!shown!that! the!particle!size! is!
expanding,! thus! reducing! the! permeability.! The! change! in! chemical!
composition! that! impact! the!surface! reactivity!has!been!confirmed!using!xJ
ray!diffraction!(XRD)!and!the!corroded!products!of!maghemite!and!magnetite!
have! been! identified.! Flow! experiments! have! been! conducted! to! observe!
and! measure! the! changes! in! permeability,! where! the! pressure! at! various!
points! of! the! experimental! rigs! has! been! measured! for! the! calculation! of!
permeability! values.! The! reduction! in! permeability! could! be! observed! from!
both!small!and!large!scale!experiments.$
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4.1$Introduction$$
As! discussed! earlier! zeroJvalent! iron! (ZVI)! is! the! most! commonly!
used!reactive!material!(fillings)!in!PRB!due!to!its!high!reactivity!and!suitability!
for!removing!various!kinds!of!organic!and!inorganic!compounds!(Junyapoon,!
2005U!Thiruvenkatachari! et! al.,! 2008).!However,! one! important! limitation!of!
ZVI! PRB,! which! often! hampers! its! long! term! performance,! relates! to! the!
formation! of!mineral! precipitates!within! the! pores! of! the!ZVI! particles! as! a!
result! of! oxidation/corrosion! reaction! (Mackenzie! et! al.,! 1999U!Furukawa!et!
al.,!2002U!Li!et!al.,!2005U!Henderson!and!Demond,!2007U!Philips!et!al.,!2010U!
Ruhl!et!al.,!2014).!There!is!a!significant!amount!of!discussions!that!suggests!
that!these!precipitates!are!capable!of! inducing!a!coating!on!the!surfaces!of!
the! ZVI! particles! and! clogging! the! ZVI! pores!which! subsequently! limit! the!
accessibility! of! contaminants! to! the! reactive! sites! on! the! particles.! These!
mineral!precipitates!reduce!the!overall!porosity!and!permeability!of!the!PRB!
(Jeen!et!al.,!2006U!Cundy!et!al.,!2008U!Jeen!et!al.,!2012).!They!are!therefore!
considered! to! have! negative! impacts! on! the! performance! of! the!ZVI!PRB.!
Another! factor! which! has! been! reported! to! contribute! to! the! loss! of!
permeability! is!gas! formation! in! the!PRBs.!The!oxidation!of!ZVI!along!with!
the!reduction!of!the!hydrogen!ion!or!nitrate!can!cause!gas!formation,!which!
reduces! the! permeability! (Henderson! and! Demond,! 2013).! Several!
researches!have!been!conducted!to!confirm!the!impacts!of!entrapped!gas!in!
anaerobic! condition,! sealed! cells! or! with! gas! collection! system! (Reardon,!
1995U! Kamolpornwijit! et! al.,! 2003U! Zhang! and! Gillham,! 2005),! which!
demonstrate!that!the!gas!effects!the!permeability!in!the!specified!conditions!
(e.g.,!sealed!cells).!$
In! the! literature! a! number! of! other! laboratory! and! field! scale!
experiments!involving!PRBs!have!been!reported.!One!of!the!vital!aspects!in!
carrying!out! these!experiments! is! to!provide! fundamental!understanding!of!
how!they!function,!so!that!the!actual!designs!of!PRBs!can!be!accomplished!
in!the!field.!The!fluid!flow!in!ZVI!PRB!can!be!defined!as!a!single!phase!fluid!
flow! (groundwater)! through! porous! media! governed! by! the! intrinsic!
permeability! [m2]! of! the! media! (hence,! the! size! and! packing! of! the! iron!
particles)!and!fluid!pressure!distributions.!However,!the!underground!system!
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is! complicated! and! there! is! a! significant! interference! on! the! flow! from! a!
number!of! interJdependent!parameters.!For!example,! the! flow!driving! force!
depends! on! the! pressure! gradients! not! only! in! the! PRB! but! also! the!
surroundings!(Das,!2002).!Similarly,!as!the!permeability!decreases!within!the!
PRB,! the! flow!gradient!and!direction!within! the!PRB!may!change! for!given!
inlet! flow! boundary! conditions.! Therefore,! a! dimensional! analysis! of! the!
permeability! that! provides! a! quantitative! description! of! the! behavior! of! the!
PRB! in! terms! of! dimensionless! groups! of! relevant! variables! can! be! very!
useful!(Bergendahl!and!Grasso,!2003U!Abidoye!and!Das,!2014).!In!particular,!
the! correlations! that! involve! nonJdimensional! groups! of! measurable!
variables!in!the!field!(e.g.,!flow!rate!and!fluid!pressure)!could!be!very!useful!
to! determine! permeability! (e.g.,! nonJdimensional! permeability)! within! the!
PRB.$
Keeping!the!above!issues!in!mind,!an!attempt!is!made!in!this!work!to!
analyze!the!permeability!losses!in!ZVI!PRB!(laboratory!scale!system)!using!
a! series! of! wellJdefined! experiments! and! dimensionless! analysis! of! the!
permeability.! The! analysis! is! carried! out! by! reducing! the! variables! into!
dimensionless!groups!using!the!Buckingham!π!theorem.!This!approach!has!
the! advantage! that! any! variability! of! permeability! due! to! changes! in! one!
particular! parameter! (e.g.,! particle! size)! is! not! of! concern! and! we! can!
analyse! the! permeability! losses! due! to! changes! in! groups! of! interrelated!
variables.! This! is! expected! to! provide! a! correlation! among! the! relevant!
variables! (e.g.,! an! upscaling! relationship)! as! well! as! help! analyse! the!
experimental!data.!$
In! order! to! characterize! the! permeability! losses! in! PRBs,! several!
techniques! have! been! applied! at! laboratory! (small)! scale! PRBs,! i.e.,! (a)!
imaging! techniques! (Ma!et!al.,!2015),! (b)!estimation! techniques! (Furukawa!
et!al.,!2002U!Jeen!et!al.,!2006)!and!(c)!direct!measurements!of!permeability!
(Jeen! et! al.,! 2006).! Imaging! method,! such! as! XJray! microJcomputed!
tomography! (µCT),! has! been! applied! to! image! fluid! distribution! and! pore!
morphologies! in! experimental! PRBs! without! disturbing! the! sample.! In! the!
current!work!(this!chapter),!µCT!has!been!employed!to!observe!the!changes!
in!ZVI!particles!as!baseline! condition! (not! corroded)!and!after! the! reaction!
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with! fluid! in! the! experiment! (corroded)! and! the! XJray! diffraction! (XRD)!
method! has! been! used! to! identify! the! chemical! components/phases! in! a!
sample.!XRD! indicates! the!XJray!diffraction!patterns!of! the!material! that! is!
like! a! fingerprint! characterization! of! the! crystalline! materials! present! in! a!
sample.! The! corroded! products! in! ZVI! have! been! analyzed! and! the!
secondary!minerals!have!been!identified!(Ruhl!et!al.,!2011U!Yin!et!al.,!2011)!
using! these! techniques.! A! great! number! of! researches! have! also! been!
conducted! to! determine! the! methods! in! impeding! the! corrosion! rate! and!
preventing! the!permeability! loss,! such!as!mixing!of!ZVI!with!other! reactive!
materials,! i.e.,! zeolites! and! calcites! (Kim! et! al.,! 2013U! Ruhl! et! al.,! 2013),!
sieving!ZVI!particles!(Ruhl!and!Jekel,!2012)!and!ZVI!depassivation!(Luo!et!
al.,!2010).!$
The!exact!cause!of!permeability! losses! is! irrelevant! in! the!context!of!
this! work! as! the! method! is! general! and! it! can! be! applied! to! analyse! the!
losses! in!all!cases.!However,! for! the!purpose!of! this!work,!we!demonstrate!
the! approach! for! the! case! where! the! permeability! loss! is! primarily! due! to!
mineral! precipitation.! This! is! because! the! gas! formed! due! to! corrosion!
reaction! is! vented! off! due! to! regular! operation! of! the! PRBs.! The! reactors!
have!been!designed!in!a!manner!so!that!the!gas!generated!can!migrate!out!
of! the! system!and!any!effect! on! the!permeability! reduction!with! respect! to!
gas!accumulation!is!defined!to!be!negligible.$
To! carry! out! the! planned! analysis,! we! have! conducted! inJhouse!
experiments!on!the!permeability!losses!in!ZVI!PRB!and!the!corrosions!of!the!
ZVI!particles!are!confirmed!by!using!μCT!and!XRD!as!discussed!above.!This!
chapter! introduces! these! experimental! results! along! with! the! nonJ
dimensional!analysis.$
4.2$Materials$and$methods$
4.2.1$Materials$
Zero! valent! iron! (ZVI)! fillings! used! in! this! work! were! obtained! from!
ConnellyJGPM,! Inc.,! Illinois,! USA,! which! are! referred! as! ETI! CCJ1004!
(coarse!particles)!and!CCJ1200!(fine!particles)!with!the!average!particle!size!
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of! 2.35! ±! 0.01! mm! and! 0.40! ±! 0.01! mm,! respectively! (Figure! 4.1).! The!
particles!have!the!same!chemical!compositions!but!different!sizes.!They!are!
composed!of!a!maximum!of!93%!metallic!iron/iron!oxide!while!the!rest!of!the!
components!include!total!carbon,!manganese,!sulphur,!phosphorus,!silicon,!
nickel,!chromium,!molybdenum,!titanium,!copper,!aluminum!and!a!negligible!
amount!(0.01%!each)!of!magnesium,!boron,!zinc!and!zirconium.!The!particle!
density!has!been!determined!inJhouse!by!using!pycnometer,!which!indicated!
a!material!density!of!7.25!g/cm3.!!
4.2.2$Methods$
Confirmation'of'the'Corrosion'of'ZVI'Particles'
In! order! to! confirm! that! the! chosen! ZVI! particles! undergo! corrosion!
reactions,! the! following! procedures! were! followed.! Cylindrical! tubes! of!
diameter!of!1.2!cm!and!length!of!13!cm!were!packed!with!fine!ZVI!particles!
with! the! porosity! of! 0.63,! fine! ZVI! particles!was! selected! to! confirmed! the!
corrosion! and! as! both! coarse! and! fine! particles! have! identical! chemical!
composition,! it! is! then! assumed! that! they! will! react! in! the! same! manner.!
Figure! 4.2! illustrates! the! empty! and! packed! cylindrical! tubes.! The! packed!
cylinders! are! analyzed! without! (dry)! and! with! tap! water! for! a! period! of! 1!
month!(wet),!which!represent!the!cases!where!the!ZVI!is!‘not!corroded’!and!
‘corroded’,! respectively.! The! tubes!were! scanned! using! the! floor! standing,!
realJtime!XJray!microcomputer! tomography! (μCT)! inspection!system! (XT!H!
160,! Metris,! Nikon! Metrology! UK! Ltd.,! Nottingham,! United! Kingdom)! to!
capture!the!internal!features!of!ZVI!samples.!The!images!at!different!slides!
were!then!used!to!determine!the!changes! in!microscopic! features!by!using!
the!software!Image!J(Institutes!of!Health,!Bethesda,!Maryland,!USA).!$
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!
Figure$4.1:!Physical!appearances!of!zeroJvalent!iron!and!the!magnification:!
(A)!ETI!CCJ1004!coarse!particle!size!(0.15J4.75!mm)!and!(B)!CCJ1200!fine!
particle!size!(0.075J0.85!mm)!
The! ZVI! samples! of! both! particle! sizes! were! prepared! where! two!
samples! for!each!of! (1)!original,! (2)!medium!term!and!(3)! long! term,! i.e.,!a!
total!of!12!samples!were!taken!for!XRD!measurements.!The!original!sample!
is!dry!ZVI!as!received!to!be!used!as!the!baseline.!The!medium!term!sample!
is! the!one!where!ZVI!has!been! in!contact!with!stagnant!water!representing!
batch!experiment!for!1!month!and!dried!in!a!vacuum!desiccator!without!any!
additional!heating.!The! long!term!sample! is! the!one!collected! from!the! labJ
scale! column! experiment! where! ZVI! has! been! in! contact! with! continuous!
flowing!water!for!3!months!representing!column!experiment.!The!phases!of!
the! dried! samples! were! identified! by! XRD! equipped! with! Cobalt! anode!
(Philips!PW!3710!Expert,!Philips).!In!the!XRD!analysis,!the!degree!was!set!
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at!2JthetaJrange!of! 10°J70°!and!scanned!at! the! step!size!of! 0.014°! for!1.5!
seconds. 
 
Figure$4.2:!Dimension!of!the!cylindrical!tube!(A)!and!packed!tubes!with!fine!
ZVI!materials!(B)$
!
Experimental'setup'
In!order!to!obtain!inJhouse!data!on!the!permeability!losses!during!flow!
through! the!PRB,! the! following!column!experiments!have!been!carried!out.!
The!experiments!have!been!setup!for!two!(2)!different!scales,!namely,!small!
and!large!scales.$
Figure! 4.3! illustrates! the! small! scale! experimental! setup! where! the!
peristaltic!pump!(Masterflex,!ColeJPalmer!Instrument!Co.,!LLC,!London,!UK)!
is!used!to!flow!the!water!through!the!rig!packed!with!the!ZVI!materials.!The!
rig!is!drilled!with!4!ports,!e.g.,!P1,!P2,!P3!and!P4,!which!were!used!to!measure!
fluid! pressures.! The! gas! generated! in! the! system! can! migrate! out! of! the!
domain! when! the! pressure! measuring! ports! are! openedU! therefore! no!
specific! venting! system! was! installed! in! the! PRB.! The! rig! is! made! up! of!
acrylic! square! tubes! with! the! dimensions! of! 10! x! 4.50! x! 4.50! centimeters!
(height!x!width!x!length)!and!with!a!wall!thickness!of!0.63!centimeter.!The!rig!
was!packed!with!both! coarse!and! fine!ZVI!particles,! separately.!The! initial!
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porosity!of!the!packed!rig!was!0.52!for!fine!ZVI!particles!and!0.62!for!coarse!
ZVI!particles.!$
!
Figure$4.3:!The!schematic!diagram!of!the!small!scale!experimental!setup!(a)!
and!the!top!view!of!the!location!of!the!pressure!measuring!ports!(b)!
!
Figure$4.4:!A!schematic!diagram!of! the! large!scale!experimental!setup! (a)!
and!the!side!view!of!the!location!of!the!pressure!measuring!ports!(b)$
The! larger! scale! rig! as! displayed! in! Figure! 4.4! is! made! up! of!
cylindrical!acrylic!column!with! the! length!of!76!centimetres!and! the! internal!
diameter! of! 14! centimetres.! There! is! a! space! between! the! inlet! from! the!
pump!and! the!PRB!area!with! the!port! situated!on! top!of! the! rig!where! the!
port! can! be! opened! to! release! any! gas! trapped! inside! the! reactor.! It! was!
packed!with!the!fine!ZVI!particles!and!had!an!initial!porosity!of!0.46.!A!HPLC!
pump! is! used! to! feed! the!water! solution! through! the! rig! equipped!with! 20!
ports!for!pressure!measurements.$
The!water!was!pumped! through! the! two!rigs! in! the!axial!direction!at!
the!initial!flow!rate!of!0.29!ml/min!and!0.25!ml/min!for!small!and!large!scale!
rigs,! respectively.! For! the! small! rig,! the! fluid! pressure! was! manually!
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measured!using!pressure!gauges!(meters)!at!different!time!intervals!from!the!
4! measuring! ports! of! P1! to! P4.! The! fluid! pressures! in! the! large! rig! was!
automatically! measured! using! dataJlogging! software! of! NI! SignalExpress,!
National! Instruments! Corporation,! Austin,! Texas,! United! StatesU! and!
pressure!transducers!at!hourly!intervals!from!20!pressure!measuring!ports!in!
the! column.! The! recorded! data! were! selected! from! several! pressure!
measuring!points!which!were!representative!of! the!whole!rig.!The!flow!rate!
at!the!outlet!was!measured!using!cylinder!and!container!on!balance!for!both!
small!and!large!rigs,!respectively.$
The!flow!in!the!rig!is!primarily!in!the!axial!direction!although!the!fluid!
may!be!distributed!in!the!radial!directions.!Nevertheless,!the!permeability!in!
the!axial!direction! is!calculated! from!Darcy’s! law! (Holdich,!2002)!using! the!
measured! data! from! both! the! experiments.! The! rearrangement! of! Darcy’s!
law!to!determine!this!permeability!is!shown!in!Equation!(4.1).$
$$$$$$$$$$$$$$$$$$$$$$$$$N = 4OPQ ∆S∆T! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!(4.1)$
Where,!k! is! the!1D!permeability! (cm2)! in! the!axial!direction,!Q! is! the!
outlet!flow!rate!(cm3/s),!µ!is!the!viscosity!(g/cms),!Δx!is!the!distance!between!
two! pressure! measuring! points! (cm)! in! the! axial! direction! and! ΔP! is! the!
differential!pressure!in!axial!direction!(g/cms2),!i.e.!calculated!from!pressure!
value!at!reference!point!P2!minus!pressure!value!at!reference!point!P1.$
Buckingham'π'Theorem'for'NonBdimensional'Analysis'of'Permeability'Loss'
The! Buckingham! π! theorem! is! applied! in! this! work! to! identify! the!
dimensionless! permeability! (or! dimensionless! permeability! loss)! in! the!
PRBs.!According! to! the! theorem!dimensionless!groups!can!be!determined!
from!the! independent!variables! involved! in!a!process,!namely,!permeability!
loss! in! this! case.! As! there! are! a! number! of! interrelated! variables! in! the!
process,! it! is! complex! to! define! the! relationships! between! the! parameters!
and!the!permeability!loss.!Therefore!the!π!theorem!is!applied!so!as!to!form!
dimensionless!groups!of!variables.!The!theorem!basically!provides!a!number!
of!dimensionless!groups! that!has!an! impact!on! the!process!but! it!does!not!
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give! the! correlation! coefficients! directly.! These! coefficients! will! be!
determined!from!the!experimental!data!obtained!in!this!work.$
The! nonJdimensional! analysis! is! composed! of! three! main! steps,!
namely,! (1)! identifying! the! dimensional! quantities! (r)! of! the! variables,! i.e.!
mass!(M),!length!(L)!and/or!time!(T),!where!value!of!r!is!also!the!number!of!
repeating!variables,!(2)!identifying!the!number!of!variables!k!and!the!number!
of! dimensionless! group! or! π! term! p! equalling! kBr! and! (3)! carrying! out! a!
dimensional!analysis.!The!flow!in!the!ZVIJPRB!behaves!as!single!phase!flow!
through!porous!medium!where!the!interested!variable!of!k!or!permeability!is!
dependent!on!several!parameters.$
The!permeability! is!the!ability!of! the!porous!materials!that!allows!the!
fluid! to! flow! through.! In! the! determination! of! permeability! (k)! value! in! the!
analysis,! k! is! defined! as! the! dependent! variable! and! that! it! is! affected! by!
various! independent! variables.! As! shown! in! Equation! (4.2),! the! selected!
independent!variables!are!flow!rate!(Q),!viscosity!(μ),!axial!distance!between!
points! of! pressure! change! (Δx)! and! pressure! change! (ΔP)! between! these!
points.$ D = U(V, X, ∆H, ∆Y)! ! ! ! !!!!!!!(4.2)$
The!flow!rate!(Q)!of!the!fluid!flowing!out!of!the!reactive!zone,!i.e.!the!
porous! materials,! is! chosen! for! dimensional! analysis! because! the!
decreasing!of!the!flow!rate!reflects!that!there!is!a!blockage!or!clogging!of!the!
pores! of! the! porous! materials! and,! thus,! a! reduced! permeability.! The!
viscosity!(μ)!of!the!liquid!represents!one!of!the!fluid!properties.!When!there!
are! the!changes! in! the!permeability,! there! is!a! resistance! to! the! fluid! flow.!
This!has!a!direct!impact!on!the!pressure!change!as!the!pressure!differences!
increase!as!the!resistance!increases.!In!addition,!the!pressure!change!varies!
depending!on!the!distance!of!the!measured!points.!Therefore,!the!pressure!
change!(ΔP)!and! the!distance!between!points!of!pressure!change!(Δx)!are!
defined!as!the!other!important!relevant!parameters.!Table!4.1!has!listed!the!
selected! dependent! and! independent! variables! with! their! units! and!
dimensions.$
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Table$4.1:!The!selected!variables!and!their!dimensions$
Dependent$and$Independent$Variables$ Unit$ Dimension$
Permeability!(k)$ cm2$ L2$
Outlet!flow!rate!(Q)$ cm3/s$ L3/T$
Viscosity!(µ)$ g/cmJs$ M/LT$
Distance!between!2!pressure!points!(Δx)$ cm$ L$
Pressure!changes!(ΔP)$ g/cmJs2$ M/LT2$
$
The! Buckingham! π! theorem! has! been! adopted! for! the! nonJ
dimensional!analysis!of!these!variables.!As!there!are!5!variables!(k,!Q,!µ,!Δx!
and!ΔP)!with!3!dimensions! (M,!L,T),! the!π! term! is!equal! to!2.!The!general!
form!of!the!relationship!between!the!two!π!terms!can!therefore!be!written!as!
shown!in!Equation!(4.3).!$Z[ 4= 4\(Z])!! !! ! ! ! !!!!!!!(4.3)$
After! selecting! the! repeating! variables! and! carrying!out! an!analysis,!
the!following!two!dimensionless!groups!are!identified:$
Z[ = N∆S]!! ! ! ! ! !!!!!!!!!!!!!!!!!(4.4)$
Z] = PO∆S^∆T!! ! ! ! !!!!!!!!!!!!!!!!!(4.5)$Z[!represents!the!nonJdimensional!permeability!of!the!PRB!while!Z]!
represents! the! nonJdimensional! flow! rate! of! fluid! leaving! the! PRB.!
Rearranging!both!π!terms!into!the!Equation!(4.3),!the!dimensionless!groups!
are!related!as!shown!in!Equation!(4.6).$
N∆S] = \ PO∆S^∆T !! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!(4.6)$
The! values! of! the! dependent! variables! of! Q,! μ,! Δx! and! ΔP! are!
measured!from!the!experiment!taking!into!account!different!pressure!points,!
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different! distances! between! the! pressure! points! as! well! as! different! time!
durations,! which! give! different! values! of! outlet! flow! rate.! The! permeability!
value!k!is!calculated!from!Darcy’s!law!(Equation!4.1)!for!both!small!and!large!
scale!which!are!used!for!Equation!4.6.$
4.3$Results$and$Discussions$$
4.3.1$ Confirmation$ of$ the$ corrosion$ of$ ZVI$ particles$ and$ changes$ in$
pore$space$$
$
Figure$4.5:!Typical!images!of!fine!ZVI!particle:!(a)!3D!overviewU!(b),(c)!and!
(d)!top!views!at!different!levels!of!the!tube!$
CHAPTER 4  55 !
 
Umarat Santisukkasaem  2016 
Typical!μCT!images!which!show!the!packing!of!the!ZVI!particles!are!
shown! in! Figure! 4.5.! The! software! ImageJ! is! deployed! to! analyse! the!
selected!slides!from!the!images!for!both!wet!and!dry!ZVI!particles.!
The! horizontal! crossJsection! (Figure! 4.5(b)J4.5(d))! of! 3D! image!
(Figure!4.5(a))!were!taken!using!the!clipping!tool!and!processed!with!ImageJ!
using!adjustment!of!colour!threshold,!e.g.,!see!a!typical! image!as!indicated!
in!Figure!4.6.!ImageJ!is!adopted!to!determine!the!average!particle!size!from!
the! randomly! selected! slides! of! the! fine! ZVI! particle! images! captured! by!
μCT.!For!example,!Figures!4.7!and!4.8!illustrate!the!particle!size!distribution!
for!fine!ZVI!particle!(dry!and!wet)!respectively,!as!determined!from!ImageJ.!
ImageJ!determined! the!particle!area!of! the!ZVI!particles! in! the!unit!of!mm2!
and!expressed!the!repetitive!area!(counts)!in!percentage.!
$
Figure$ 4.6:! A! sample! of! colour! threshold! adjusted! photo! prepared! using!
ImageJ!for!particle!area!determination!
!
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!
Figure$4.7:!A!plot! of! typical! particle! size! (area)! distribution!of! dry! fine!ZVI!
particle!between!the!particle!area!(mm2)!on!the!xJaxis!versus!the!percentage!
(%)!on!the!yJaxis$
!
Figure$4.8:!A!plot!of! typical!particle!size! (area)!distribution!of!wet! fine!ZVI!
particle!between!the!particle!area!(mm2)!on!the!xJaxis!versus!the!percentage!
(%)!on!the!yJaxis$
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As!the!wet!and!dry!tubes!are!prepared!separately!but!simultaneously!
to! simulate! the! before! (baseline)! and! after! (in! contact! with! fluid,! i.e.!
corroded)! scenarios,! the! particle! area! for! the! same! slide! could! not! be!
compared!directly.!However,!both!tubes!were!prepared!in!the!same!manner,!
i.e.,! they! were! packed! with! the! same! ZVI! materials! and! had! the! same!
porosity.!For!example,!using!the!particle!area!of!0.001!mm2!as!a!reference!
point,!it!can!be!seen!that!there!is!only!54%!of!the!wet!particle!that!is!higher!
than! that! limit,! i.e.,! further! to! the! right!of! the! referenced!valueU!but,! it! is!as!
high!as!94%!in!the!case!of!dry!particle.!The!average!particle!size!of!the!wet!
particle! is!significantly! increased!by!factor!of! two.!It!can!be!suggested!from!
this! increasing! values! that! after! the! ZVI! particle! has! been! in! contact! with!
water!and! the!corrosion! reactions!occurred!on! the!surface!of! the!particles,!
thus!increasing!the!particle!size!or/and!reducing!the!pore!space.$
The!main!chemical!components!identified!by!search/match!procedure!
from!XRD!diffraction!pattern!are! (1)! iron! (2)!maghemite!and! (3)!magnetite.!
Maghemite!and!magnetite!are!expected!to!be!identified!by!XRD!as!they!are!
the! iron! oxides! that! occurred! from! the! reduction! of! iron! in! water.! This!
observation! is! in! line!with! the!research!by!Kohn!et!al.! (2005)!who!reported!
that! the! main! phases! found! from! iron! columns! were! magnetite! or!
maghemite.! In! addition,! Li! et! al.! (2005)! found! that! magnetite! is! the! most!
common! minerals! precipitated! in! ZVI! PRB.! The! diffraction! pattern! of! the!
original!sample!for!coarse!particle!is!shown!in!Figure!4.9.!!
The! coarse! particle! has! been! selected! to! discuss! as! it! is! more!
sensitive!compared!to!the!fine!particle!due!to!the!fact!that!the!changes!in!the!
corrosion!product!are!much!more!apparent.!Figure!4.10!shows!that!ZVI!has!
been! oxidized! to! other! compounds! as! the! height! of! the! peak! reflects! the!
amount!of! the!particular! compound.!As!evident! the!height!of! the!peak!has!
decreased!from!13600!counts!to!5400!and!3500!counts!for!medium!and!long!
term!samples,!respectively.!This!behaviour!is!the!same!for!the!3!compounds!
detected:! maghemite! and! magnetite! are! also! reduced! in! the! same! way.!
Overall,! it! can! be! implied! that! the! corrosion! products! of! Maghemite! and!
Magnetite! are! generated! after! the! reaction! has! been! occurred.! These!
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products! have! altered! the! physical! features! of! the! ZVI,! thus! affecting! the!
properties!of!the!ZVI!particle!packing.!!
!
$
Figure$4.9:!A!typical!XRD!pattern!of!ZVI!particle!
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$
Figure$4.10:!XRD!pattern!of!coarse!ZVI!particle!under!3!different!conditions:!
(a)! original,! shown! in! blackU! (b)!medium! term,! shown! in! pink! and! (c)! long!
term,!shown!in!green$
4.3.2$Changes$in$outflow$
The!main!factor!which!indicates!the!changes!in!the!permeability!is!the!
fluid!flow!(e.g.,!outlet!flow)!through!the!porous!medium!and!fluid!pressures!at!
different! points,! while! the! same! fluid! pressures! are! maintained! at! the!
boundary! of! the! PRB.! In! this! work,! the! experiment! has! been! designed! to!
maintain!the!relevant!parameters!constant,!i.e.!fluid!viscosity!and!height/area!
of!the!rig!along!the!flow,!and!observe!how!the!permeability!decreases.!$
Figure!4.11!shows!a!plot! of! the! flow! rate!at! the!outlet! (ml/h)! versus!
time! duration! (day)! for! coarse! and! fine! ZVI! particles! from! small! and! large!
scale! experiments.! It! can! be! seen! that! the! flow! rate! is! continuously!
decreasing!through!time! in!both!the!cases.!For! the!fine!ZVI!particles,! there!
was!a!minor! difference! in! the! initial! flow! rate! but! both! the! scales! reflected!
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similar!reduction!to!approximately!8!ml/h!but!for!the!coarse!particles,!the!flow!
rate!has!reduced!to!1!ml/h.!The!reduction! in! flow!rate!shows!that! for!given!
pressure!gradient,! the! resistance! for! liquid! flow! through! the!ZVI! increases.!
This! suggests! that! precipitates! have! occurred! due! to! corrosion! reactions,!
which! have! blocked! the! flow! pathways! resulting! in! decreasing! flow! ability.!
The! local! pressure! gradient! (ΔP/Δx)! gradually! increases! as! the! pore!
diameter!decreases!due!to!mineral!precipitates!in!the!pore.!
$
Figure$4.11:!A!plot!of!outlet! flow!rate!(ml/h)!versus!time!(d)!for!coarse!and!
fine!ZVI!particles!in!small!and!large!scale!experiments!
4.3.3$Changes$in$pressure$gradient$in$lateral$direction$
Although! the! flow! is! in! the!axial!direction!along! the! length!of! the!rig,!
the! pressure! distribution! in! the! lateral! directions! also! provides! interesting!
insights.!In!particular!it!may!provide!some!useful!understanding!on!when!the!
pores!start! to!get!blocked!significantly.!This! is!because!preferential! flow! in!
the! lateral! directions! may! take! place! instead! of! the! flow! in! the! axial!
directions.!To!understand!this,!let!us!consider!the!pressure!gradients!from!4!
reference!points,! i.e.! close! to! the! inlet! and!outlet,!which!are! selected! from!
both! the! small! and! large! scale! rigs! to! determine! the! pressure! gradient! as!
shown!in!Figure!4.12.!According!to!Figure!4.12,!the!pressure!gradient!at!the!
location!close!to!the!inlet!is!denoted!in!blue,!P13!and!P45!for!small!and!large!
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scale!experiment,!respectively,!and!the!red!colour!represents!the!data!taken!
at!the!location!close!to!the!outlet.!
In!small!scale!experiment! (Figures!4.12(a)!and!4.12(b)),! there! is!not!
much! difference! in! pressure! gradient! near! the! inlet! and! outlet! at! the!
beginning.! However,! the! values! at! the! beginning! of! the! experiment! (i.e.,!
when! ZVI! are! not! corroded)! are! significantly! different! for! different! particle!
size,! e.g.,! it! is! approximately! +1! mbar/cm! in! fine! particles! and! it! is! only!
around! 0.1! mbar/cm! in! coarse! particles.! As! the! flow! is! continued,! the!
changes!start!to!take!effect!around!the!inlet!after!approximately!20!days!for!
both!particle!sizes!when!the!pressure!gradient!start!to!increase!significantly!
in! the! lateral!directions.!We!attribute! this! to! the!blockage!of! the! flow! in! the!
axial! direction.! This! also! means! that! the! preferential! fluid! flow! may! take!
place!in!the!lateral!directions.!!
The!pressure!gradient!tends!to!decrease!with!respect!to!time!as!well.!
The!possible!reason!behind!this!could!be!the!preferential!flow!behaviour!that!
may!create!a!flow!channel!between!the!packed!materials,!thus!no!pressure!
is! required! to! support! the! flow.! On! the! other! hand,! the! coarse! particles!
indicate! the! obvious! trend! that! is! in! line! with! the! theory! as! the! overall!
pressure!gradients!from!both!the! locations!(inlet!and!outlet)!have!the!same!
trends,!i.e.,!they!are!increasing!with!respect!to!time.!!
For!the! large!scale!experiment!(Figure!4.12(c)),! there! is!a!significant!
difference!in!the!lateral!pressure!gradient!at!the!very!first!day!that!it!is!much!
higher! at! the! outlet,! approximately! +0.8!mbar/cm! than! at! the! inlet.! This! is!
mainly!due!to!the!distance!between!the!inlet!and!the!outlet!which!is!about!10!
times!longer! in! large!rig!compared!to!the!small!rig.! It! is!harder!to!pack!and!
tab!the!materials!which!may!cause!the!rig!to!be!nonJhomogeneously!mixed.!
In!comparison!with! the!coarse!particle! in!small!scale!experiment,! the! large!
scale!rig!has!not!clearly!reflected!the!rate!of!pressure!changes!with!respect!
to!time!but!it!is!similar!to!the!fine!particles!in!the!small!scale!experiment.!This!
indicates! that! the! particle! size! is! one! of! the! important! parameter! in!
determining! the! flow! behaviour.! Overall,! it! seems! that! the! coarse! particle!
reflects! that! the!pressure!gradient! is! increasing!with! respect! to! time!which!
means!that!there!is!a!preferential!flow!causing!changes!in!permeability.!!
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!
Figure$4.12:$A!plot!of!the!pressure!gradient!(ΔP/Δx,!mbar/cm)!in!the!lateral!
flow!direction!with!respect! to! time!(day)! for!coarse!and!fine!ZVI!particles! in!
small! and! large!scale!experiments!where! (a)! small! scale:! coarse!particlesU!
(b)!small!scale:!fine!particles!and!(c)!large!scale:!fine!particles!
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4.3.4$Changes$in$permeability$values$
The!permeability!(k)!reflects!the!ability!of!the!fluid!to!flow!through!the!
porous!medium.!In!this!work,!the!permeability!values!are!calculated!from!the!
directly! measured! data! from! the! experiment! using! Equation! (4.1).! Figure!
4.13!illustrates!the!plot!of!permeability!versus!time!for!(a)!coarse!ZVI!particle!
and! (b)! fine! ZVI! particle! from! small! scale! experiments.! Figure! 4.14! shows!
the!selected!permeability!data!of!coarse!ZVI!particles!plotting!in!percentage!
scale.!!The!data!of!P12!and!P34!are!measured!in!the!axial!direction.!!
The!permeability!changes!through!time!are!not!constant!and!it!seems!
to! vary.! This! can! be! due! to! the! impact! of! the! nonJuniform! packing! of! ZVI!
materials!and/or!the!nonJuniform!particle!size!of!the!material! itself!as!some!
part! of! the! particles! might! be! densely! packed! while! some! part! might! be!
loosely!packed.!Secondly,!the!distance!between!the!pressure!measurement!
ports! is! small,! thus! there! is! not!much! pressure! difference.! In! addition,! the!
measurement! has! been! performed! at! very! low! level! (millibar),! which! may!
fluctuate!from!one!measurement!to!another.!However,!it!is!still!observed!that!
the! permeability! is! decreasing! with! respect! to! time! in! the! case! of! coarse!
particle!size!where! the!average!permeability! from! the! two! reference!points!
has!dropped! from!7.04EJ8!cm2! to!3.09EJ9!cm2.!The!permeability!seems! to!
increase!in!the!case!of!fine!particle!from!8.39EJ9!cm2!to!2.12EJ8!cm2!which!
indicates!possibility!of!nonJuniform!packing!and!some!preferential!flow!in!the!
domain.!!
The! permeability! from! large! scale! experiment! is! displayed! in! Figure!
4.15.!The!data!points!of!P28,!P39,!P410!and!P511!are!measured!in!the!axial!
direction.! It! can! be! seen! from! the! Figure! 14! that! the! permeability! values!
fluctuate! less! as! compared! to! that! of! the! small! scale.! The! average!
permeability!is!also!reduced!with!respect!to!time!from!5.27EJ9!cm2!to!1.08EJ
9!cm2.!It!is!noticed!that!the!permeability!at!a!comparable!reference!point,!i.e.!
in!the!axial!direction!but!taken!from!different!locations!as!from!different!sides!
of! the! rig!or! from! top!or!bottom!of! the! rig! is!different.!For!example! for! fine!
particle!size,!it!is!approximately!1EJ8!cm2!and!6EJ9!cm2!for!small!scale!and!it!
varied! from! 1EJ9! cm2! to! 1EJ8! cm2! for! large! scale.! Even! though! it! is! a!
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negligible!difference!this!can!be!explained!according!to!the!fact!that!the!ZVI!
cannot!be!homogeneously!packed.!!
!
!
Figure$4.13:!A!plot!of!permeability!(cm2)!versus!time!(day)!for!(a)!coarse!ZVI!
particle!and!(b)!fine!ZVI!particle!from!small!scale!experiments!
CHAPTER 4  65 !
 
Umarat Santisukkasaem  2016 
Figure$ 4.14:! A! plot! of! permeability! (%)! versus! time! (day)! for! small! scale!
coarse!ZVI!particle!!
Figure$ 4.15:! A! plot! of! permeability! (cm2)! versus! time! (day)! for! fine! ZVI!
particle!from!large!scale!experiment!
The! initial! and! final! permeability! values! from! both! small! and! large!
scale!are!summarized!in!Table!4.2.!The!combination!of!permeability!data!at!
each!reference!point!yields!the!average!initial!permeability!for!coarse!particle!
size! from! small! scale! experiment! of! 7.04EJ8! and! for! fine! particle! size! are!
8.39EJ9! cm2! and! 5.27EJ9! cm2! for! small! and! large! scale! experiment,!
respectively.! The! arithmetic! mean! is! adopted! to! calculate! the! average!
permeability.! The! flow! experiments! caused! the! changes! in! permeability!
values!and!indicated!that!the!permeability!has!been!reduced!to!3.09EJ9!cm2!
for! small! scale! (coarse! particle)! and! 1.08EJ9! cm2! for! large! scale! (fine!
particle).!It!is!apparent!that!the!permeability!values!for!both!experiments!fall!
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in! the! same! range!and!decrease! in! the! same! trend.! It! is! only! in! the! small!
scale!(fine!particle)!that!the!permeability!tends!to!increase!through!time,!i.e.!
from!8.39EJ9!to!2.12EJ8!cm2.!!
By!calculating!the!percentage!of!the!permeability!loss,!it!can!be!seen!
that!the!permeability!is!decreased!by!95.6%!for!small!scale!(coarse!particle)!
and! by! 79.5%! for! large! scale.! The! experiment! has! been! operated! in! the!
duration!of! about! 3! to!6!months!but! the!permeability! has!been! reduced! to!
almost!100%!in!the!case!of!small!scale.!This!explains!further!the!reduction!in!
flow!rate!from!the!previous!discussion.!!
Table$ 4.2:! Summary! of! initial! and! final! permeability! values! for! small! and!
large!scale!experiments!
$ Small$scale$experiment$ Large$scale$experiment$
$ ! Permeability$(k,$cm2)$ $ Permeability$(k,$cm2)$
$ Location$ Initial$ Final$ Location$ Initial$ Final$
Coarse!
particle!!
P12!
P34!
1.07EJ7!
3.37EJ8!
5.83EJ9!
3.54EJ10!
$ $ $
$ $ $
Average$ $ 7.04ES8$ 3.09ES9$ $ $ $
Fine!
particle!!
P12!
P34!
1.03EJ8!
6.47EJ9!
3.33EJ8!
9.2EJ9!
P28!
P39!
P410!
P511!
1.70EJ9!
3.84EJ9!
1.41EJ8!
1.42EJ9!
7.97EJ10!
1.10EJ9!
1.90EJ9!
5.40EJ10!
Average$ $ 8.39ES9$$ 2.12ES8$$ $ 5.27ES9$$ 1.08ES9$$
)
4.3.5$Dimensional$analysis$
In!order! to!carry!out!a!dimensional!analysis!of! the!permeability! loss,!
we! substitute! the! experimental! data! into! the! dimensionless! Equation! (4.6)!
and! use! the! curve! fitting! tool! in!MATLAB! (Matrix! Laboratory,!Cleve!Moler,!
the! MathWorks! Inc.,! Natick,! Massachusetts,! United! States)! to! plot! the!
relationships!between!π1!and!π2.!The!permeability!values!substituted! in!the!
equation! are! taken! from! the! previous! experiments,! i.e.,! see! section! 4.3.4.!
Figure! 4.16! shows! that! the! relationship! between! the! two! dimensionless!
groups! is!a!straight! line,!which! implies!that! irrespective!of! the!nature!of! the!
experiments! and! permeability! values,! the! relationship! between! the!
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dimensionless! groups! would! be! a! linear! relationship.! In! the! plot! of! the!
experimental!data,!it!can!be!seen!that!the!permeability!value!follows!a!nonJ
linear! trend!when! viewed! at! different! time! periods! and!we! cannot!make! a!
clear! conclusion! that! the! relationships! between! the! relevant! variables! is! a!
linear!function.!However,! the!nonJdimensional!analysis!and!the!curve!fitting!
exercise!confirm!that!the!relationship!has!a!linear!form.!!
From! the!small!scale!permeability!data!substitution,! the!particle!size!
does!not!play!any!roles!as!both!fine!and!coarse!ZVI!particles!and!data!from!
all!eight! reference!points!provide! the!same!slope!of!straight! line,! i.e.,!2.42,!
as! shown! in! the! graph! in! Figure! 4.16.! The! nonJdimensional! equation! that!
governs!the!behaviour!is!given!as!follows.!!
_∆`C = 2.42 cd∆`e∆f !! ! ! ! !!!!!!!(4.7)!
Figure!4.17!shows!a!plot!of!the!dimensionless!groups!for!large!scale!
experiment.!The!data!are!taken!from!different!pressure!measuring!points!in!
the!axial!direction.!Like!the!small!scale,!it!can!be!seen!from!the!results!that!
the!slope!is!the!same!in!all!of!the!four!reference!points!with!a!value!of!31.29.!
The! nonJdimensional! equation! that! governs! the! behaviour! in! this! case! is!
given!as!follows.!!
_∆`C = 31.29 cd∆`e∆f !! ! !!!!!!! ! !!!!!!!(4.8)!
!
!
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!
Figure$4.16:!The!plot!of!dimensionless!group!of!π1! (pi1)!and!π2! (pi2)! from!
small!scale!experiment!at!each!pressure!measuring!points!!
!
Figure$4.17:!The!plot!of!dimensionless!group!of!π1! (pi1)!and!π2! (pi2)! from!
large!scale!experiment!at!each!pressure!measuring!points!!
As!the!slope!is!higher!in!the!plot!from!large!scale,!i.e.!slope!of!31.29!
and!2.42! in! large!and!small!scales,! respectively,! it!can!be!assumed!that! in!
large!scale,!π1!is!changing!with!respect!to!π2!at!a!higher!rate!than!that!of!the!
small!scale.!The!parameter!in!π2!that!was!not!kept!constant!is!the!pressure!
changes! (ΔP),! this! is! in! line!with! the! previous! section! that! there! are!more!
fluctuations! in! large!scale!rig!due!to! the! larger!size!of! the!rig,! thus!causing!
the!higher!changes!in!ΔP,!which!in!turns,!resulting!in!a!higher!slope.!
Another! issue! that! needs! to! be! noted! is! that! theoretically! the! slope!
from!both!small!and! large!scale!should!be!equal! (in!absence!of!permeably!
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reduction!and/or! corrosion)!as! they!are! the! results! from! the!similar! kind!of!
experiment! or! basically,! they! are! the! permeability! values! from! ZVIJPRB.!
However,! from! the! results! previously! discussed,! they! are! slightly! different!
which!suggest!different!rate!of!permeability!losses!at!different!scale.!In!order!
to! understand! the! overall! behaviour,! the! data! from! both! small! and! large!
scales!were! combined! to! define! a! single! slope! to! be! the! representative! of!
ZVIJPRB.!The!result!indicated!that!the!slope!is!2.42,!i.e.!the!equation!is!y!=!
2.42x!with!the!correlation!coefficient!(R2)!of!1,!as!shown!in!Figure!4.18.!It!is!
obvious! that! the! small! scale! data! are! dominant! in! this! combination! as! the!
slope!of!the!mixed!data!is!equal!to!that!of!the!small!scale,!i.e.!2.42.!Looking!
at!these,!the!values!from!the!large!scale!rig!are!negligible!compared!to!those!
from! small! scale! rig.! The! parameters! in! the! π! term! causing! the! direct!
impacts!in!this!aspect!are!(1)!distance!between!two!pressure!points!(Δx)!and!
(2)!pressure!changes! (ΔP).!As! the! large!scale! rig! is!approximately!7! times!
larger!than!the!small!scale!rig,!the!distance!between!2!pressure!points!(Δx)!
is! much! greater! in! large! scale! than! that! of! the! small! scale.! Δx! is! the!
denominator! in! both! π! terms! (π1! and! π2)! so! it! causes! the! final! π! terms!
values!to!be!much!smaller!than!that!of! the!small!scale.! In!term!of!pressure!
changes!(ΔP),!as!there!are!more!fluctuations!in!the!large!scale!domain,!the!
pressure!changes!fall!in!the!range!of!hundredJthousandth!whereas!it!is!only!
in!the!hundredth!range!for!the!small!scale.!Again,!ΔP!is!in!the!denominator!
of!π2!term,!it!also!causes!the!smaller!values!of!final!π2!term!for!large!rig.!
!
!
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$
Figure$4.18:!The!plot!of!dimensionless!group!of!π1!and!π2! from!small!and!
large!scale!experiments!at!each!pressure!measuring!points.!
4.4$Summary$
It! is! evident! from! the! experimental! results! that! the! permeability! has!
declined! through! time! as! a! result! of! the! iron! corrosion.! After! the! ZVI! has!
been! in! contact! with! the! fluid,! the! reaction! undergoes! which! alters! the!
structure!of!the!ZVI!particles!and!reduces!overall!porosity!and!permeability.!
Theoretically,!the!particle!size!should!get!larger!due!to!the!precipitates!or!the!
corrosion!of!the!iron!that! is!the!results!of!the!reaction!between!ZVI!and!the!
fluids.!The!iron!corrosion!has!been!inspected!by!XRD!and!it!can!be!identified!
that! the! corrosion! products! are! maghemite! and! magnetite.! The! flow!
experiments! indicated! that! the! permeability! value! has! been! significantly!
reduced!for!coarse!particle,!e.g.,! in!small!scale!experiment,! it!reduced!from!
7.04EJ8!to!3.09EJ9!cm2.!!
It! can!be!concluded! that! the!pressure!plays!a!major! role! in!pointing!
out!the!direction!of!permeability! losses.!There!is!the!preferential! flow!which!
can!be!identified!by!the!change!in!pressure.!The!results!might!suggest!that!
the! pressure! required! for! flow! to! take! place! through! the! PRB! should! be!
increased!with! time!as! there! is!significant!mineral!precipitation!and,!hence,!
drop! in! permeability.!However,! this!may! not! be! possible! in! the! subsurface!
where!the!mineral!precipitation!may!cause!complete!blockage!and!failure!of!
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the!PRB!as! it! is!based!on!the!concept!of!passive!flow!of!groundwater.!Our!
findings! imply!that! the!dimensionless!equation!can!be!applied!for!design!of!
PRB!apart!from!the!understandings!of!the!physicoJchemical!properties!of!the!
system!which! can! support! in! terms! of! accurate! comprehension! at! various!
scales!of!PRB.!!
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CHAPTER$5$
$
EFFECTS$OF$PERMEABILITY$LOSSES$ON$THE$
HYDRODYNAMICS$OF$ZEROSVALENT$IRON$PERMEABLE$
REACTIVE$BARRIERS$
Chapter$Overview$
The!PRB!technology!is!relatively!well!established!but!the!mechanisms!
by! which! contaminants! are! removed! from! groundwater! are! often! not! well!
quantified.! Additionally! the! application! of! the! technology! within! industry! is!
resisted!because!of!uncertainty!over!the!length!of!time!that!a!PRB!is!capable!
of! effectively! removing! contaminants! for.! A! lack! of! understanding! of! the!
hydrodynamics! often! prevents! PRBs! from! reaching! their! maximum!
theoretical!lifetime.!COMSOL!Multiphysics!was!used!in!this!work!to!construct!
a! series! of! models,! validated! by! experimental! data,! capable! of! producing!
accurate!velocity!and!pressure!profiles!of!a!fluid!within!zero!valent!iron!(ZVI)!
PRBs.! A! two! dimensional! model! of! a! small! column! experiment! was!
constructed,! validated!and!developed! into! a! three!dimensional!model.! The!
same!method!was!then!applied!for!the!construction!of!a!third,!larger!model.!
Pressure! and! permeability! values! were! taken! from! experimental! data! and!
used!as!input!data!for!the!three!COMSOL!models.!The!velocity!and!pressure!
values! produced! by! the! models! were! validated! through! comparison! with!
experimental! values.! The! models! have! been! used! to! predict! velocity! and!
pressure! profiles! beyond! the! range! of! available! experimental! data.! The!
velocity!and!pressure!data! identified!were! in!good!agreement!with! the! two!
and!three!dimensional!models!of!the!small!column!experiment!but!the!large!
column!model!was!less!successful.!Velocity!and!pressure!profiles!extracted!
from!the!models!showed!the!development!of!a!relatively!uniform!flow!pattern!
with!the!pressure!difference!across!the!width!of!the!column,!increasing!with!
time.!Together! the! three!models!provide! the!means!to!conduct!an! in!depth!
study!of!the!hydrodynamics!within!a!ZVIJPRB.!
CHAPTER 5  73 !
 
Umarat Santisukkasaem  2016 
5.1$Introduction$
Urbanisation! and! industrialisation! have! long! been! associated! with!
groundwater! contamination.! Wang! et! al.! (2012)! and! Ducci! and! Sellerino!
(2013)! have! produced! computer! models! describing! the! vulnerability! of!
groundwater! aquifers! to! contaminants! associated!with! increased!economic!
output.!Both!models!highlight!the!need!for!effective,!large!scale!groundwater!
treatment!processes.!Computer!models!also!exist!for!the!assessment!of!risk!
to!public!health!associated!with!chemical!spills! (Yang!et!al.,!2010)!such!as!
the!case!analysed!by!Qin!et!al.!(2009).!!
As!discussed!earlier! in!this!thesis!permeable!reactive!barriers!(PRB)!
have! successfully! been! applied! for! industrial! scale! inJsitu! remediation! of!
contaminated!groundwater.!ZeroJvalent!iron!(ZVI)!PRBs!have!been!shown!to!
provide! a! cost! effective,! less! energy! intensive! alternative! to! the! traditional!
pump! and! treat! approach! (KazemzadehJParsi! et! al.,! 2013)! for! the!
remediation! of! contaminated! groundwater.!One! of! the!main! obstacles! that!
hinder! the! longevity! of! the! ZVIJPRB! is! the! mineral! precipitation!
(Thiruvenkatachari! et! al.,! 2008),! which! not! only! reduced! the! ZVI! reactivity!
but!also!clogs! the!pores! resulting! in! the!permeability! reduction! (Henderson!
and!Demon,!2007).!
For! PRB! to! remain! an! efficient! method! of! removing! groundwater!
contaminants! over! an! extended! duration! it! is! necessary! to! adequately!
characterise! their! hydrodynamic!behaviour.!Therefore,! this! chapter!aims! to!
produce!a!series!of!numerical!models,!validated!by!experimental!data,!which!
will! allow! predictions! to! be! made! about! the! hydrodynamic! behaviour! of! a!
contaminated!solution! flowing! through!a!ZVI!PRB!based!on! the!age!of! the!
PRB.!The!novelty!of!this!work!is!derived!from!the!attempt!at!generalisation!of!
the! results.! The! majority! of! the! literature! refers! to! specific! case! studies!
whereby!the!life!of!a!PRB!has!been!extended!specifically!for!one!particular!
contaminant!(Rangsivek!and!Jekel,!2005U!Komnitsas!et!al.,!2007U!Bruzzoniti!
and!Fiore,!2014U!Statham!et!al.,!2015)U!but!our!aim!is!to!help!extend!the!life!
of! ZVIJPRB! for! all! contaminants! through! a! better! understanding! of! their!
hydrodynamics.!
CHAPTER 5  74 !
 
Umarat Santisukkasaem  2016 
The! validated! model! will! be! used! to! study! velocity! and! pressure!
profiles! within! the! PRB’s! structure! over! the! projected! lifetime! of! the!
experimental! PRB’s.! Additionally,! the!model! should! be! capable! of! making!
predictions! about! these! profiles! beyond! the! limitations! of! collected!
experimental!data.!Three!models!will!be!produced:!a!two!dimensional!model!
of!a!small!column,!a!three!dimensional!model!of!the!same!small!column!and!
a! three! dimensional! model! of! a! large! column.! All! three! models! will! be!
validated!using!data!collected!from!appropriate!experimental!rigs.!!
5.2$Methodology$
5.2.1$Data$Collection$
The! pressure! and! flow! rate! data! were! obtained! from! the! following!
laboratory!experiments.!!
Two! different! experimental! rigs! were! used! in! three! different!
configurations! to!collect! the!data!used! in! the!construction!and!validation!of!
the!model.!Firstly,!a!square!acrylic!column!with!dimensions!4.50!x!4.50!x!10!
cm!(height!x!width!x!length)!and!wall!thickness!0.63!centimetres!was!used!to!
collect! data! relating! to! two! different! sizes! of! ZVI! particle! (ConnellyJGPM,!
Inc.,!Illinois,!USA).!Coarse!ZVI!is!specified!to!have!a!mean!particle!diameter!
of! 2.35! ±! 0.01!mm!and! an! initial! porosity! of! 0.62.! Fine! ZVI! is! specified! to!
have!a!mean!particle!diameter!of!0.40!±!0.02!mm!and!an! initial!porosity!of!
0.52.!Both!particle!sizes!have!a!density!of!7.25!g/cm3.!
ZVI! particles! were! packed! into! the! column! to! create! a! permeable!
reactive!barrier!before! the!deionized!water!was!pumped! through! it!using!a!
small! peristaltic! pump! (Masterflex,! ColeJPalmer! Instrument! Co.,! LLC,!
London,!UK).! The! initial! flow! rate!was!0.29!ml/min!when!using! the! coarse!
ZVI!particles!and!0.24!ml/min!when!using! the! fine!ZVI!particles.!A!portable!
pressure! meter! was! used! to! manually! measure! the! pressures! at! four!
positions! in! this! small! column! over! the! duration! of! the! experiment.! The!
discharge!volumetric!flow!rate!was!also!recorded!regularly.!The!two!particle!
sizes!were! never!mixed! in! the! same!porous! bed.! Figure! 5.1(a)! shows! the!
approximate! location! of! the! pressure! measuring! ports.! P1! and! P3! were!
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placed!on!opposite!sides!of!the!column,!2.5cm!along!the!axial!length!of!the!
column! from! the! inlet.! P2! and! P4! were! placed! on! opposite! sides! of! the!
column,!7.5cm!along!the!axial!length!of!the!column!from!the!inlet.!
$
Figure$ 5.1:! Schematic! diagram! of! the! experimental! rigs! including! the!
approximate!location!of!pressure!measuring!ports!for!(a)!small!scale!and!(b)!
large!scale!experiments!
The!second!experimental!rig!is!much!larger.!It!is!the!cylindrical!acrylic!
column,! 76! cm! in! length! and! 14! cm! in! diameter,! packed! with! fine! ZVI!
particles.!These!particles!are!specified!to!have!a!mean!particle!diameter!of!
0.40! ±! 0.02! mm,! an! initial! porosity! of! 0.46! and! density! of! 7.25! g/cm3.!
Pressure!data!from!the!larger!column!was!automatically!measured!by!eight!
in! situ! pressure! transducers! using! the! dataJlogging! software! of! NI!
SignalExpress! (National! Instruments! Corporation,! Texas,! USA).! The!
approximate! position! of! some! of! these! pressure! transducers! is! shown! in!
Figure! 5.1(b).! Two! more! pressure! transducers! are! positioned! directly!
opposite!to!P4!and!P10!but!are!not!displayed!in!Figure!5.1(b).!
5.2.2$Numerical$Simulations$
The!experimental!data!was!recorded!every!other!day! for!a!period!of!
74!days.!It! is! intended!that!by!obtaining!a!range!of!permeability!values!that!
vary!with!time,!velocity!and!pressure!profiles!for!the!columns!can!be!derived!
and! predicted! with! the! aid! of! a! model! constructed! using! the! COMSOL!
computational! fluid! dynamics! software! (COMSOL,! Inc.,! California,! USA).!
COMSOL! Multiphysics! is! applied! to! solve! the! expanded! differential!
equations!produced!by!Darcy’s! law!at! thousands!of! individual!points! in! the!
model’s! structure!within! the! specified! boundary! conditions.! The! number! of!
points! is! dictated! by! the! specified!mesh! sizeU! a! finer!mesh! size! produces!
more!detail!but! takes! longer! to!solve.!A!coarse!mesh!size!was!specified! in!
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each! of! the! simulations! as! finer! mesh! sizes! were! found! to! generate!
minimally!more!accurate!results!for!unacceptably! long!simulation!durations.!
The!solution!is!therefore!assumed!to!be!independent!of!mesh!size.!
Governing'Equations'
Pressure!and!flow!rate!data!was!taken!from!the!two!experimental!rigs!
in!order!to!calculate!permeability!values!at!specific!points!within!the!columns!
using!Darcy’s!law.!!
!!!!!!!!!!!!!!!i = − _c ∇k!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.1)!
Where!v!is!the!fluid!velocity!in!m/s,!k'is!the!intrinsic!permeability!of!the!
ZVI!medium! in!m2,!µ' is! the! fluid! viscosity! in! Pa·s! and!∇p! is! the! pressure!
gradient!vector!in!Pa/m.!
Boundary'Conditions'
! The!boundary!conditions!are!specified!for!inlet!and!outlet!(discharge)!
pressures!and!there!is!no!flow!at!the!wall.!
Solution'of'Governing'Equation'
The! velocity! values! and! pressure! profiles! inside! the! reactors! are!
solved!using!COMSOL.!!
5.3$Results$and$Discussion$
5.3.1$Model$Construction$and$Validation$
Initially!COMSOL!was! used! to! construct! a! 2D! representation! of! the!
small!column!experimental!rig!shown!in!Figure!5.1(a).!This!basic!model!was!
configured! for! the!porous!material! to!have! the!same!properties!as! the!ZVI!
used! during! the! experiment! and! for! the! fluid! to! be! water.! This! was! later!
extended!into!the!third!dimension!in!order!to!examine!pressure!and!velocity!
profiles! with! respect! to! depth.! Figures! 5.2(a)! and! 5.2(b)! show! identical!
pressure! gradients! obtained! from! the! small! scale! models! in! 2D! and! 3D.!
Figure! 5.2(b)! also! displays! velocity! vectors! as! red! arrows.! Pressure!
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gradients! are! shown! by! the! change! in! colour,! ranging! from! red! for! high!
pressure!to!blue!for!low!pressure.$$
$
Figure$5.2:!Pressure!gradient!generated!by!(a)!the!2D!small!column!model,!
(b)!the!3D!small!column!model!and!(c)!the!3D!large!column!model!
In!order!to!generate!pressure!gradients!similar!to!those!in!Figure!5.2!
three! inputs! have! been! specified.! These! are! (1)! the! duration! of! the!
simulation,!(2)!the!permeability!and!(3)!the!discharge!pressure!(assuming!a!
constant! inlet! pressure).! Duration! is! simple:! the! simulation! generates! data!
for! the! time! period! of! interest! for! the! particular! phase! of! the! study.! The!
validation! phase! of! this! project! looked! at! the! first! 52! days! of! data! so!
simulations!were!initially!specified!to!run!for!this!period!of!time.!The!duration!
was! extended! to! 74! days! once! the!models!were! validated! to! allow!model!
predictions! to!be!assessed!against!experimental!data.!For! the!purposes!of!
collecting!model! data! at! greater! durations! than! the! experiments! achieved,!
the! simulations! were! run! for! the! maximum! possible! duration.! This! was!
limited! either! by! the! availability! of! permeability! or! pressure! input! data.!
Permeability! and! discharge! pressure! values! were! specified! after! close!
examination!of!the!recorded!experimental!data.!
Calculated!permeability!values! for! the! first!52!days!of! recorded!data!
were!plotted!against!time!and!a!trend!line!fitted!to!the!data!points!using!the!
curve! fitting! tool! in!MATLAB! (The!MathWorks,! Inc.,!Massachusetts,!USA).!
Expressing! permeability! as! a! function! of! time! allows! the! model! to! make!
predictions! beyond! the! data! collected.! The! same! method! was! used! to!
describe! the! pressure! differential! across! the! column! over! the! same! time!
(a)$ (b)$ (c)$
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period.!This! is! also! required! in! order! to!make!predictions!beyond! the!data!
collected.!!
To! validate! the! pressure! data! produced! by! the! 2D! small! column!
model,! permeability! values! taken! from! the! mathematical! expression! were!
used!but! inlet!and!outlet!pressures!were!taken!from!the!experimental!data.!
This! was! done! with! the! recognition! that! although! the! pressure! differential!
variation! had! been! accurately! expressed! mathematically,! the! discrete!
pressure!values!at!the!pressure!measuring!points!could!be!vastly!different!to!
those!obtained! through! the!mathematical!expression.!This! is!not!significant!
in!the!generation!of!accurate!velocity!or!pressure!profiles!because!equation!
(1)!infers!that!velocity!values!are!controlled!by!the!pressure!differential!rather!
than!the!values!themselves.!Simulations!produced!pressure!values!at!points!
corresponding! to! the! position! of! the! four! pressure! sensors! for! the! first! 52!
days!of!data.!These!values!were!plotted!against! the!recorded!experimental!
data!from!the!same!time!period!to!assess!the!models!accuracy.!
Validation! of! the! models! velocity! data! was! achieved! through!
comparison! of! discharge! velocities.!Both! permeability! and! pressure! values!
were! obtained! from! the! previously! derived! mathematical! expressions.! A!
constant!inlet!pressure!of!727Pa!was!used!for!the!small!column!model,!with!
the! discharge! pressure! varying! as! the! mathematical! expression! dictated.!
This! inlet! pressure! was! selected! as! it! is! the! first! inlet! pressure! value!
recorded! during! the! small! column! experiment.! It! is! reasonable! to! assume!
that!this!is!the!pressure!delivered!to!the!column!after!the!pressure!losses!in!
the!pipework!connecting!the!column!to!the!pump!are!accounted!for!because!
the!ZVI!particles!will!not!have!formed!channels!at!this!point.!The!simulation!
was!run!to!produce!data!corresponding!to!the!first!52!days!of!experimental!
data!and!then!compared!to!assess!the!models!accuracy.!A!good!correlation!
between!model!and!experimental!discharge!velocities!implies!the!adequacy!
of! the!velocity!values!within! the!column,!although! there! is!no!experimental!
data!for!velocity!values!within!the!column!available!for!comparison.!
Subsequent!to!basic!validation,!the!2D!small!column!model!was!used!
to! predict! discharge! velocities! up! to! 74! days.! This! is! the! limit! of! available!
experimental! data.! This! simulation! was! done! as! a! final! validation! of! the!
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model’s! ability! to! predict! velocity! data.! Additionally! a! final! simulation! was!
carried!out!predicting!velocity!values!up!to!108!days.!This!was!not!done!as!a!
validation!but!as!a!demonstration!of!the!model’s!capabilities.!
COMSOL! Multiphysics! was! also! used! to! model! the! large! column!
experiment! in! three!dimensions.!Figure!5.2(c)!shows! the!pressure!gradient!
with! velocity! vectors! produced! by! the! large! column! model.! Initially! it! was!
intended!that!the!same!permeability!and!pressure!values!used!for!the!small!
column!model!could!be!used!in!the!construction!of! the! large!column!model!
but! the! equations! used! to! generate! the! values! were! found! to! be!
inappropriate.! As! with! the! small! column! model,! the! permeability! and!
pressure! input! values! were! obtained! by! fitting! curves! to! the! available!
experimental!data!for!the!large!column.!The!inlet!pressure!for!the!model!was!
fixed!at!12156Pa!and!the!duration!of!the!simulation!set!to!96!days.!The!large!
column! model! is! limited! in! duration! by! the! form! of! the! equation! used! to!
calculate!permeability!values.!!
It! has! been! assumed! that! the! inlet! flow! into! the! PRB’s! was! evenly!
distributed!at!a!uniform!velocity!across!the!entire!cross!sectional!area!of!the!
columns!and!that!the!maximum!wetted!surface!area!is!achieved!by!the!flow!
pattern! throughout.! In! addition,! at! the! start! of! the! model! simulation! each!
column! is! assumed! to! be! saturated!with! fluid! at! the! initially! specified! inlet!
pressure!with!no!gradient.!The!pressure!gradient!is!imposed!on!the!column!
from!the!start!of!the!simulation.'
Completion!of! the!validation!process!allowed!more! in!depth!analysis!
of!the!pressure!and!velocity!data!generated!by!the!model.!Line!and!surface!
integrations! at! different! axial! and! lateral! lengths! along! the! small! column!
facilitated! the! construction! of! detailed! velocity! and! pressure! profiles! at!
various! chosen! times! during! the! simulation.! Further! detail! was! added! to!
these! profiles! by! utilising! the! three! dimensional! small! column! model! to!
examine! the! velocity! and! pressure! profiles! with! respect! to! depth.! The!
examination!of!discharge!velocity!data,!velocity!profiles!and!pressure!profiles!
produced! by! the! large! column!model!was! carried! out! in! the! same!way! as!
described!for!the!small!column!model.!
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5.3.2$Permeability$
The!construction!of!a!model!with!the!ability!to!make!predictions!about!
the!hydrodynamics!within! porous!material! requires! an!unlimited!number! of!
input!data!points.!This!was!achieved!by!describing!the!input!variables!using!
mathematical! expressions! taken! from! curves! fitted! to! the! available!
experimental! data.! For! the! purposes! of! this! project! the! input! variables! are!
permeability! and! pressure! differential.! Figure! 5.3(a)! shows! the! curve! that!
was! fitted! to! the! experimental! permeability! data! relating! to! the! 52! day!
validation! phase! of! the! experiment! on! the! small! column! with! coarse! ZVI!
particles.!Only! coarse! particle! data!was! used! in! the! validation! phase.! The!
equation!of!the!fitted!curve!describing!the!relationship!between!permeability,!
k!in!cm2!and!time,!t!in!days!is!as!follows.!D = 0.0000002598n+F.FopJMq!! !!!!!!!!!!!!!!!!!!!!!!!!!!!(5.2)!
This!equation!was!used!to!generate!the!permeability!values!required!
to!produce!pressure!and!velocity!profiles!in!the!small!scale!model.!Equation!
(5.2)!was!applied!for!both!two!and!three!dimensional!models!in!the!validation!
and!predictive!phases!of!the!project.!Prediction!data!from!the!small!column!
model!was!generated!up! to!108!days,!at!which!point!no!pressure!gradient!
will!be!present!across!the!model.!!
Figure!5.3(a)!shows!that!the!generated!permeability!values!are!of!an!
acceptable! level! of! precision,! especially! over! longer!durations.!However,! a!
lack!of!valid!data!points! for! the! first!10!days! that!permeability!values!were!
taken! from! the! experimental! rig! does! impact! the! reliability! of! permeability!
values! calculated! for! shorter! simulations.! These! data! points! are! missing!
because! pressure! measurements! were! not! correctly! recorded.! The! poor!
reliability!over!short!durations! is!acceptable! for! the!purposes!of! this!project!
as!the!accurate!prediction!of!data!over!a!large!duration!is!more!desirable.!
!
CHAPTER 5  81 !
 
Umarat Santisukkasaem  2016 
!
Figure$ 5.3:! Curve! fitted! to! experimental! permeability! data! for! (a)! small!
column!(b)!large!column!
It!was!intended!that!Equation!(5.2)!would!subsequently!be!applied!to!
model! the! large! scale! experiment.! However,! the! permeability! data! points!
collected!from!over!the!same!52!day!period!of!the!large!column!experiment!
were! of! a! different! order! of! magnitude! and! followed! a! distinctly! different!
trend.! The! application! of!Equation! (5.2)! produced! discharge! velocities! that!
were! incomparable! to! the! data! collected! experimentally! and! therefore! a!
revised! equation! was! applied! to! the! large! column! model.! Figure! 5.3(b)!
shows!the!experimental!permeability!data!collected!over!the!first!52!days!of!
the! large! column! experiment! and! the! curve! that! was! fitted! to! them.! The!
equation!of!the!fitted!curve!describing!the!relationship!between!permeability,!
k!in!cm2!and!time,!t!in!days!is!as!follows.!D = − 6s − 14 t@ + 3s − 12 t + (2.5s − 10)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.3)!
This!equation!was!used!to!generate!the!permeability!values!required!
to!produce!pressure!and!velocity!profiles!in!the!three!dimensional!large!scale!
model.! The! change! from! an! exponential! function! to! a! negative! quadratic!
introduces! new! limitations! on! the! models! predictive! capabilities.! Equation!
(5.3)! will! produce! negative! permeability! values! after! 100! days! which! is!
unrealistic.!Therefore! this! is! the!upper! limit! to! the!duration!of! large!column!
predictionsU!less!than!the!small!column!model.!
Both! equations! (5.2)! and! (5.3)! show! a! decline! in! permeability! as! a!
function! of! time.! This! is! significant! because! loss! of! efficiency! in! PRBs! is!
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associated!with!a!loss!in!permeability.!Any!predicted!change!in!velocity!and!
pressure!profiles!over! time!will!also!be! related! to!a!decline! in!permeability.!
Therefore,!a!prediction!of!an!industrial!scale!PRB’s!efficiency!can!be!linked!
to! time! and! the! developed! models! applied! to! study! the! internal!
hydrodynamics!at!a!particular!time!of!interest.!
5.3.3$Pressure$
Figure! 5.4(a)! shows! the! curve! that! was! fitted! to! the! experimental!
differential!pressure!data!relating!to!the!first!52!days!of!experiments!on!the!
small! column! with! coarse! ZVI! particles.! The! equation! of! the! fitted! curve!
describing!the!relationship!between!differential!pressure!across!the!PRB,!ΔP!
in!Pascal!and!time,!t!in!days!is!as!follows.!uY = 4.3 + 8.875nF.Fwq!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.4)!
Equation!(5.4)!was!used!in!the!validation!of!velocity!profiles!produced!
by!the!small!scale!model!in!two!and!three!dimensions.!Subsequently!it!was!
also!applied!during!the!predictive!phase!of! the!project! for!simulations!up!to!
108!days!in!duration.!
!
Figure$ 5.4:! Curve! fitted! to! experimental! differential! pressure! data! for! (a)!
small!column!and!(b)!large!column!
The! experimental! data! points! in! Figure! 5.4(a)! represent! the!
magnitude!of!the!difference!between!the!averaged!inlet!pressure!values!and!
the!averaged!discharge!pressure!values.!The!averaged! inlet!pressures!are!
the!averages!taken!from!P1!and!P3!while!the!averaged!discharge!pressures!
are! the!averages! taken! from!P2!and!P4.! It!was!necessary! to!use!averages!
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because!pressure!data!taken!from!the!inlet!and!discharge!pipework!was!not!
available.!Consequentially!any!predictions!made!by!these!models!are!made!
with!the!assumption!that!the!pressure!did!not!change!in!the!first!2.5!cm!and!
last!2.5!cm!of!the!length!of!the!small!column.!It!could!be!suggested!that!this!
assumption!will!result!in!the!under!prediction!of!velocity!magnitudes!because!
the! true!differential!pressure! is! larger! than! that!specified! in! the!model.!The!
validation!process!is!required!to!quantify!and!minimise!this!affect.!
The! application! of! Equation! (5.4)! to! the! large! column! model! was!
unsuccessful.!The!pressure!data!collected! from! the! large!column!was!of!a!
much! larger! order! of! magnitude! and! followed! a! vastly! different! trend,!
resulting!in!the!model!producing!incomparable!velocity!data,!much!as!it!had!
when!Equation!(5.2)!was!used!to!generate!permeability!input!values.!Figure!
5.4(b)!shows!the!pressure!data!collected!over!the!first!52!days!of!the!large!
column!experiment! and! the! curve! that!was! fitted! to! them.!The!equation!of!
the! fitted! curve! describing! the! relationship! between! differential! pressure!
across!the!large!PRB,!ΔP!in!Pascals!and!time,!t!in!days!is!as!follows.!uY = −0.2022t@ + 26.929t + 500!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.5)!
Equation! (5.5)! was! used! to! generate! discharge! pressure! values! for!
the!large!column!model.!The!inlet!pressure!was!set!as!12156!Pa!throughout.!
The!experimental!data!points! in!Figure!5.4(b)!are!also!the!difference!
between!averaged! inlet!pressures!and!averaged!discharge!pressures.!The!
average! of! pressure! values! recorded! at! P2,! P3,! P4! and! P5! on! the! large!
column! was! used! as! the! experimental! inlet! pressure.! The! average! of!
pressure!values!recorded!at!P8,!P9,!P10!and!P11!on!the!large!column!was!
used!as!the!experimental!discharge!pressure.!
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The!validation!of!pressure!data!produced!by!the!small!column!model!
was! achieved! through! comparison! with! experimental! pressure! values!
measured!by!pressure!meters! on! the! small! column!using! coarse!ZVI! over!
the!first!52!days!of!the!experiment.!Figure!5!shows!the!measured!pressure!
values! at! pressure! measuring! point! P1! plotted! against! the! small! column!
model! produced! pressure! values! for! the! same!point.! The!model! produced!
values!have!been!taken!from!the!two!dimensional!simulation.!
$
Figure$ 5.5:! Pressure! data! from! P1! pressure! transducer! on! small! column!
experiment!plotted!against!small!column!model!predictions!
Similar!comparison!has!been!collected!for!pressure!measuring!points!
P2,! P3! and! P4! on! the! small! column! but! have! not! been! presented! here!
because! the!conclusion! is! the!same!as! that!obtained! from!Figure!5.5.!The!
small! column! model! produces! pressure! values! with! a! high! degree! of!
precision,!demonstrated!by!the!minimal!separation!between!data!point!pairs.!
It! should! be! noted! that! the! apparent! random! nature! of! the! data! points! is!
irrelevant!when!considered!for!the!purpose!of!validation.!!
5.3.4$Discharge$velocity$
Using!equations!(5.2)!and!(5.4)!to!specify!the!permeability!and!output!
pressure! values! for! a! 52! day! simulation! on! the! small! column,! discharge!
0
200
400
600
800
1000
1200
0 10 20 30 40 50
Pr
es
su
re
&a
t&P
1&
(P
a)
Time&(Days)
Experimental4Pressure
Model4Produced4Pressure
CHAPTER 5  85 !
 
Umarat Santisukkasaem  2016 
velocity! magnitude! values! were! extracted! from! the! two! and! three!
dimensional! models.! This! was! achieved! through! the! application! of! line!
integration!on! the!discharge! side!of! the! two!dimensional!model,! producing!
discharge!velocity!magnitude!values!in!m2/s.!Surface!integration!was!applied!
to! the! three! dimensional! model,! producing! discharge! velocity! magnitude!
values! in! m3/s.! The! m2/s! values! were! divided! by! the! height! of! the! small!
column,! 4.5! cm! to! convert! the! data! into! m/s! and! the! m3/s! values! were!
divided!by!the!column!cross!sectional!area!to!achieve!the!same!result.!This!
simulation! was! subsequently! extended,! firstly! to! 75! days! to! validate! the!
predictive!capabilities!of! the!model!and! latterly! to!108!days.!The!discharge!
velocity!values!produced!by!both!small!column!models!were!very!similar.!
Figure!5.6(a)! shows! the!experimental!data!points! collected! from! the!
small!column!over!the!entire!75!day!duration,!plotted!against!the!discharge!
velocity!values!obtained! from! the! three!dimensional!model! for! the!108!day!
duration.!
!
Figure$ 5.6:! Experimental! and!model! predicted! discharge! velocities! for! (a)!
small!column!and!(b)!large!column!
Despite!the!model!producing!discharge!pressure!values!following!the!
same!trend!as!the!experimental!data,!it!is!reasonable!to!conclude!that!in!the!
initial! 52! day! period! the! model! under! predicts! slightly.! However,! it! is!
unrealistic! to! expect! a!model! using! inputs! described! by! smooth! curves! to!
produce! outputs! as! erratic! as! those! measured! experimentally! without!
adequately! accounting! for! channel! formation! and! collapse!within! the!PRB.!
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The!under!prediction!of!discharge!velocities!is!consistent!with!the!prediction!
made!with!reference!to!Figure!5.4(a).!
The!model! is!much!closer! in! its!prediction!of!discharge!velocities! for!
the!52J75!day!period.!The!curve!becomes!flatter!in!its!gradient!to!follow!the!
same!trend!as!the!experimental!data!points,!which! increases!confidence! in!
the!final!75J108!day!predictive!phase!of!the!graph.!The!simulation!is!limited!
to!108!days!by!the!calculated!discharge!pressure!values!used!as!inputs!for!
the! model! which! suggest! there! will! be! no! pressure! difference! across! the!
PRB! after! this! point.! The! lack! of! a! pressure! gradient! driving! force! implies!
that!the!discharge!velocity!should!reach!a!constant!minimum.!Therefore,!the!
apparent!exponential!decay!prediction!of!the!small!column!is!appropriate.!
The! discharge! velocity! predictions! of! the! large! column! model! are!
inconsistent! with! the! small! column! model.! Figure! 5.6(b)! shows! the!
experimental!discharge!velocity!data! from! the! large!column!plotted!against!
the! large! column!model! predictions! for! a! 96! day! period.! It! is! obvious! the!
precision! of! the! large! column!model! is!much! lower! than! the! small! column!
model.!The!experimental!discharge!velocities!are!roughly!constant!at!3.0EJ
07!m/s!for!the!first!40!days!of!the!experiment!before!declining!but!the!model!
predictions! follow! a!more! parabolic! shape.! Encouragingly! the!model! does!
predict!the!decline!in!discharge!velocities!after!the!same!duration!as!this!was!
seen! in! the!experimental!data.!However,! the!model!values!are!consistently!
greater! than! the! experimental! values.! The! correlation! between! the!
experimental!and!model!values!over!the!initial!40!day!period!is!poor,!neither!
the!trend!nor!magnitude!of!the!model’s!prediction!is!correct!and!the!data!is!
of!little!value.!
5.3.5$Velocity$profiles$
To!utilise! the! full! potential!of! the!model,! line!and!surface! integration!
was!used!to!obtain!velocity!data!at!different!positions!within!the!PRB,!rather!
than! just! the!discharge.!This!will! contribute! to! the!understanding!gained!of!
how! the! fluid! behaves!whilst! flowing! through! the! porous!material.! Velocity!
values! were! collected! at! different! axial! distances! along! the! length! of! the!
small!column!and!then!different!lateral!distances!along!the!width.!
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Figure!5.7!shows!the!velocity!data!collected!from!the!two!dimensional!
small! column!model!after! running!a!34!day!simulation.! It! can!be!seen! that!
the! fluid! increases! in!velocity!as! it!moves! through! the!column!but!also! the!
uniform!flow!nature!of!the!velocity!profile.!Although!there!is!a!small!variation!
in!velocity!values!across!the!width!of!the!column!with!one!side!of!the!column!
generally! flowing! faster! than! the! other,! the! difference! is! extremely! small!
which!supports! the!uniform!flow!assumption!made! in!some!of! the! literature!
(Zarlenga!et!al.,!2012)!when!considering!low!fluid!velocities.!
!
Figure$5.7:!Two!dimensional!small!column!model!predicted!velocity!profiles!
at!multiple!axial!distances 
The! same! 34! day! simulation! was! run! using! the! three! dimensional!
model! of! the! small! column! to! examine! how! the! velocity! profile! varies!with!
depth.!The!velocity!values!at!different!heights!on!the!same!plane!5cm!along!
the! axial! length! of! the! column! are! plotted! in! Figure! 5.8.! Note! that! twelve!
decimal!places!have!been!retained!on!the!figure’s!yJaxis!to!show!variability!
but!for!practical!purposes!the!values!are!similar.!
!
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$
Figure$5.8:$Three!dimensional!small!column!velocity!profiles!at!multiple!axial!
distances$
Figure!5.8!shows!a!constant!change!in!the!fastest!moving!part!of!the!
velocity!profile.!Across! the!cross!section!of! the!column! there!are! instances!
when!the!top!portion!is!moving!faster!than!the!rest!but!quickly!loses!pace!to!
be! replaced! by! the! bottom! or! middle! of! the! column! and! then! accelerates!
again.! This! could! be! interpreted! as! the! localised! changes! in! individual!
velocity! vectors! as! the! fluid! flows! around! the! periphery! of! particles! in! the!
porous!matrix.!This!is!consistent!with!the!MRI!images!produced!by!Ogawa!et!
al.!(2001)!during!their!study!of!fluid!velocities!in!porous!media.!However,!the!
velocity!of!the!fluid!used!during!this!study!was!much!larger!than!those!used!
in!the!production!of!either!the!small!or!large!column!models!so!the!extent!to!
which!channels!form!close!to!the!wall!region!of!the!porous!matrix!would!be!
reduced.!Both! large!and! small! columns! found! that! the! variation!of! velocity!
magnitude! with! height! was! present! from! an! early! stage! of! the! simulation!
which!suggests!the!effects!of!channel!formation!are!still!present!in!the!PRB!
at!these!lower!fluid!velocities.!
5.3.6$Pressure$profiles$
To!fully!understand!the!hydrodynamics!of!the!fluid!flowing!through!the!
PRB!it!is!necessary!to!analyse!the!pressure!profiles!produced!by!the!models!
at! different! times! during! the! simulation.! Darcy’s! law! suggests! that! an!
increase! in!velocity!will!correspond! to!an! increase! in!pressure!at! the!same!
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location,!providing!both!are!analysed!at!the!same!permeability!and!viscosity.!
From!velocity!profiles!produced!by! the!small! column!models! it! is!expected!
that!the!pressure!values!will!generally!be!slightly!greater!on!one!side!of!the!
column!than!the!other!and!smaller!in!magnitude!at!the!discharge!end!of!the!
column.! The! pressure! data! collected! from! the! three! dimensional! small!
column!model!was!consistent!with!these!expectations.!The!pressure!profile!
of!the!fluid!in!the!columns!was!examined!at!different!stages!of!the!simulation!
to! assess! the! effects! of! a! reduction! in! permeability.! Figure! 5.9! shows! the!
pressure!data!collected!from!the!three!dimensional!small!column!at!the!end!
of!the!simulation,!at!which!point!it!is!assumed!the!flow!is!fully!developed.!
$
Figure$ 5.9:! Three! dimensional! small! column! pressure! profile! at! multiple!
depths!
The!data!points!shown!in!Figure!5.9!have!been!collected!from!a!plane!
5cm!along!the!axial!length!of!the!column.!The!different!data!series!relate!to!
different!depths!in!the!column’s!cross!section.!Figure!5.9!shows!that!at!this!
axial! length! the!pressure! is!greater!at! the!same! lateral!distance!across! the!
column!as!that!which!produced!the!slightly!greater!velocities!shown!in!Figure!
5.9.!It!is!obvious!from!the!two!figures!that!for!a!very!small!change!in!velocity!
magnitude,! a! much! larger! change! is! experienced! in! pressure! magnitude.!
The!exceptionally!small!permeability!values!account!for!this!relationship.!
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The!pressure! data! collected! from!both! the! large! and! small! columns!
show!an!overall!decrease!in!pressure!along!the!column’s!axial!length.!This!is!
expected! as! the! pressure! gradient! is! imposed! by! the! model! in! order! to!
generate! a! flow! velocity.! Pressure! data! was! collected! at! regular! intervals!
along!the!axial!length!of!the!columns!and!at!different!simulation!durations!so!
as! to! examine! how! the! flow! pattern! develops.! The!models! clearly! show! a!
pressure!profile!that!becomes!more!stable!as!the!flow!progresses!along!the!
column’s! length.!Although!the!velocity!profiles!are!much!more!uniform!than!
the! pressure! profiles,! the! same! trend! is! exhibited! but! much! more!
pronounced! in! the! case! of! the! pressure! profiles.! When! different! pressure!
profiles!from!different!simulation!durations!were!compared!it!was!found!that!
the! pressure! differences! become! more! exaggerated! over! time! and! as!
permeability! decreases.! The! small! column! model! predicted! a! pressure!
difference!as!great!as!10Pa!across!the!width!of!the!column!at!the!end!of!a!
108!day!simulation.!
5.4$Summary$
COMSOL!was!used!to!construct!two!and!three!dimensional!models!of!
a!small!column!ZVI!PRB!and!a!three!dimensional!model!of!a! large!column!
ZVI!PRB.!All!three!models!were!validated!using!experimental!data!collected!
from!appropriate!experimental!rigs!and!subsequently!used!to!predict!velocity!
and! pressure! profiles.! Simulations! were! run! for! the! maximum! possible!
durations! so! as! to! analyse! PRB! hydrodynamics! at! the! limits! of! their!
capabilities!as!assessed!by!the!COMSOL!models.!
Assessment! of! the! models! precision! and! accuracy! found! that! the!
small!column!models!are!capable!of!producing!reliable!pressure!and!velocity!
data!for!the!entire!duration!of!the!simulation,!increasing!in!precision!at!longer!
durations.! The! large! column! model! was! significantly! less! precise! despite!
following!an!identical!construction!method.!
Velocity! and! pressure! profiles! were! extracted! from! all! models! at!
various! times!during! the!simulations.!Velocity!data!collected! from!the!small!
column!model!showed! the!uniform!movement!of! the! fluid! through! the!PRB!
and!an!increase!in!velocity!magnitude!as!the!profile!moved!down!the!length!
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of!the!column.!When!analysed!in!three!dimensions,!this!profile!was!found!to!
flow! less!uniformly!with! respect! to! column!height.!The! leading!point! of! the!
velocity!profile!was!found!to!be!constantly!shifting!up!and!down!the!column’s!
height.!
The!relationship!between!velocity!and!pressure!profiles!was!found!to!
be! consistent! with! expectations! based! on! Darcy’s! law.! It! was! found! that!
relatively! small! changes! in! fluid! velocity! produced! much! more! significant!
changes!in!the!fluid!pressure!at!the!same!point.!The!models!also!produced!
pressure!values!that!varied!significantly!over!the!width!of!the!column.!
!
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CHAPTER$6$
$
DISTRIBUTION$AND$TRANSPORT$OF$BTEX$(MODEL$
COMPOUND)$IN$ZEROSVALENT$IRON$PERMEABLE$
REACTIVE$BARRIER$
Chapter$Overview$
In! this! Chapter,! the! studies! of! model! compound! BTEX! in! ZVIJPRB!
have! been! conducted.! Three! experimental! ZVIJPRB! reactors! were! set! up!
with!two!different!particle!sizes,!namely!coarse!and!fine!ZVI!particles.!BTEX!
contaminant! at! an! initial! concentration! of! 6! ppm!was! pumped! through! the!
reactors!for!the!period!of!4!days.!The!concentration!of!the!collected!samples!
at!different!sampling!points!and!at!different!retention!time!were!analysed!by!
GCJMS.! COMSOL! Multiphysics! has! been! applied! to! simulate! the!
concentration!profiles.!The!simulated!data!were!validated!by!comparing!the!
experimental!data,!i.e.!pressure!and!concentration.!The!finding!suggests!that!
ZVIJPRB! has! no! potential! in! remediating! BTEX! contaminantsU! therefore,!
particle! size! has! not! play! a! significant! role.! The! predicted! model! has!
identified! the! BTEX! distribution! time! and! equilibrium! time!which! is! 12! and!
660!hours!for!small!and!large!scale!ZVIJPRB,!respectively.!In!the!duration!of!
4!days! in! this!experiment,! the!permeability!has! reduced! in!small!scale! fine!
ZVI!particles!but!has!not!shown!any!effects!to!the!BTEX!transport.!There!is!
somehow!the!preferential!flow!path!developed!in!the!fine!ZVI!particles,!both!
small! and! large! scale,! causing! the! rise! in! permeability! so! the! particle! size!
has!shown!some!effects!in!this!aspect.!!
6.1$Introduction$
As! discussed! earlier,! it! has! been! repeatedly! reported! that! the! main!
issue! limiting! the! long! term! performance! of! ZVIJPRB! is! the! permeability!
reduction!(Cundy!et!al.,!2008U!Thiruvenkatachari!et!al.,!2008).!Since!the!ZVIJ
PRB!is!a!passive!inJsitu!treatment!system,!when!!the!hydraulic!permeability!
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is!not!sufficient,!the!fluids!may!bypass!the!PRB!and!flow!to!other!directions!
(e.g.,! laterally! or! transversally)! instead! of! flowing! axially! through! the! PRB.!
Therefore,! the! decline! in! permeability! has! great! impact! in! successful!
operation!of!PRB.!!
The! group! of! monoJaromatic! hydrocarbon! compound,! BTEX,! is!
composed!up!of!benzene,!toluene,!ethylbenzene,!pJxylene,!mJxylene!and!oJ
xylene.! BTEX! is! the! most! common! compounds! detected! in! groundwater!
(Chapelle,!1999U!Williams!et!al.,!2005!and!Mitra!and!Roy,!2011),!and!even!at!
low! concentration! (ppb),! it! poses! a! serious! threat! to! the! environment.! In!
general,! bioJbarrier! is! adopted! in! hydrocarbon! contaminated! subsurface!
remediation! (Farhadian! et! al.,! 2008U! Mitra! and! Roy,! 2011! and! Xin! et! al.,!
2013).!However,!as!ZVI!is!the!most!common!reactive!materials!and!has!the!
capability! to!degrade!the!organic!materials!(Lai!et!al.,!2005)U! therefore,! it! is!
interesting! to! apply! ZVIJPRB! to! treat! hydrocarbon! contaminated!
groundwater.!In!the!context!of!this!work,!we!are!interested!in!determining!the!
transport!and!distribution!of!BTEX!within!PRB!which!is!the!dominant!process!
within!a!short!time!frame.!
As!there!are!many!parameters!in!the!experiment!that!could!interfere!the!
results! and! limit! the! ability! to! observe! beyond! the! data! that! can! be!
measured,! a! mathematical! model! has! been! applied! to! simulate! the!
contaminants’! distribution.! The! research! on! the! design! of! barriers! for!
groundwater!treatment!using!COMSOL!MultiJphysics!simulations!concluded!
that!it!allows!the!estimation!of!longJterm!efficiency!of!the!barrier!(Bortone!et!
al.,!2015).!
In!this!chapter,!the!objective!is!to!discuss!distribution!of!BTEX!(a!model!
compound)! in! ZVIJPRB.! The! experimental! rigs! are! set! up! and! the!
mathematical!model! is!applied! to!see!how!BTEX!behaves! in! the!ZVIJPRB.!
The!distribution!of!BTEX!or!how!its!concentration!changes!in!ZVIJPRB!along!
with! the!potential!of!ZVI! in! remediating! it!will!be!discussed!on! the!basis!of!
the!experimental! results.!COMSOL!Multiphysics!will!be!used! to!predict! the!
BTEX!concentration!profiles!to!determine!how!BTEX!transports!or!distributes!
in!the!ZVIJPRB.!In!addition,!the!permeability!data!will!be!discussed!in!terms!
of!its!impact!to!BTEX!distribution.!!
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6.2$Materials$and$methods$
6.2.1$Chemicals$and$reactive$materials$
The! contaminant! used! in! the! experiment! is! BTEX! with! initial!
concentration! of! 6! ppm.! BTEX! solutions! were! prepared! by! dissolving!
benzene,! toluene,! ethylbenzene,!mJxylene,!oJxylene! and!pJxylene! (SigmaJ
Aldrich! Co.! Ltd.,! UK)! at! the! appropriate! volumes! of! each! chemical! into!
deionized!water!(Elix®,!Merck!Millipore!Corporation,!UK).!The!solvents!used!
in! preparing! standard! and! in! extraction! method! are! methanol,! 1Jpropanol!
and! tertJButyl! methyl! ether! (MTBE),! all! from! SigmaJAldrich! Co.! Ltd.,! UK.!
ZeroJvalent! iron! (ZVI)!was!obtained! from!ConnellyJGPM!Inc.! (Illinois,!USA)!
and!iPutec!GmbH!&!Co.!(Rheinfelden,!Germany)!and!was!used!as!received!
without!any!preJtreatment.!
6.2.2$Analytical$methods$
The!concentration!of!the!sampling!BTEX!solutions!were!analysed!by!
using! the! system! of! gas! chromatography! equipped! with! mass!
spectrophotometry,! GCJMS! (Agilent! Technologies,! Model:! 7890A).! The!
capillary! column! used! is! JW122J7032! with! size! 30! m! length,! 250! µm!
diameter! and! 0.25! µm! thickness! (ChromTech,! Minnesota,! USA)! and! the!
carrier!gas!is!Helium.!The!split!ratio!is!50:1!and!5!µl!of!sample!was!injected.!
The! column! temperature!was! first! 35°C! for! 2!min! and! then! reached! 46°C!
with!the!ramp!of!2°C!minJ1U!2°C!minJ1!to!50°C!and!30°C!minJ1!to!100°C.!The!
final!temperature!is!220°C.!!
The! internal! standard! is! applied! in! this! analytical! method.! The!
standard! is! prepared! by! dissolving! appropriate! amount! of! BTEX! in!MTBE!
and!the!internal!standard!is!prepared!by!dissolving!appropriate!amount!of!1J
propanol!in!MTBE.!The!unknown!aqueous!samples!were!extracted!by!liquidJ
liquid!extraction!method!using!MTBE!as!an!extraction!solvent!three!times!to!
ensure!that!all!of!the!BTEX!contaminants!from!the!samples!are!attached!to!
the!MTBE!solvent!which!was!later!transferred!to!vials!for!further!analysis.!
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6.2.3$Experimental$setup$
The!experimental!setup!is!the!same!as!the!previous!chapter!(chapter!
5).!However!the!ZVI!beds!in!the!small!scale!experimental!rigs!got!clogged!in!
the! previous! work.! Therefore,! two! new! small! scale! square! acrylic! column!
with! dimensions! 4.50! x! 4.50! x! 10! cm! (height! x! width! x! length)! and! wall!
thickness!0.63!centimetres!(same!size!with!the!previous!one)!were!prepared!
by!packing!with! the! two!different!sizes!of!ZVI!particle! from! iPutec!GmbH!&!
Co.! (Rheinfelden,!Germany).! Figure! 6.1! illustrates! a! top! view! of! the! small!
scale!experimental!rigs!with!the!location!of!the!reference!points.!The!coarse!
ZVI!PRB!has!the!particle!size!in!the!range!of!2J3!mm!and!an!initial!porosity!
of!0.69.!On!the!other!hand,!the!fine!ZVI!has!the!particle!size!in!the!range!of!
0.25J0.5! mm! and! an! initial! porosity! of! 0.62.! Both! particle! sizes! have! a!
density!of!7.24!g/cm3.!BTEX!at!an!initial!concentration!of!6!ppm!was!pumped!
through! it! using! the! Milligat! pumps! (Global! FIA,! Inc.,! Washington,! USA)!
control! by! the!Hawkeye! software! (ARRB!Group!Ltd.,!Victoria,!Australia)! at!
the!flow!rate!of!0.38!ml/min.!The!four!reference!points!(P1JP4)!as!indicated!
in! Figure! 6.1! are! the! sampling! points! and! the! pressure!measuring! points.!
The! samples! collected! were! extracted! and! analysed! using! GCJMS.! The!
pressure!data!were!measured!by!using!a!!portable!pressure!meter!(DPI!705,!
Druck,!GE).!!
!
Figure$6.1:!Schematic!diagram!of!the!small!scale!experimental!rig!with!the!
location!of!reference!points!
!
The!large!scale!experimental!rig! is!the!same!rig!as!used!in!previous!
chapter! as! the! ZVI! particles! are! not! fully! blocked! to! mimic! the! actual!
scenario! where! the! PRB! has! been! installed! for! a! period! of! time! but! the!
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contaminant! plumes! had! just! reached! the! remediation! area.! Figure! 6.2!
illustrated! the! cylindrical! acrylic! column,! 76! cm! in! length! and! 14! cm! in!
diameter,!packed!with! fine!ZVI!particles! (ConnellyJGPM!Inc.,! Illinois,!USA).!
These!particles!are!specified!to!have!a!mean!particle!diameter!of!0.40!±!0.02!
mm,!an!initial!porosity!of!0.46!and!density!of!7.25!g/cm3.!BTEX!contaminant!
at!the!initial!concentration!of!6!ppm!was!pumped!through!the!column!using!
the! HPLC! pump! (Model! 110A,! Beckman)! at! the! flow! rate! of! 0.3! ml/min.!
Pressure!data!from!the!larger!column!was!automatically!measured!by!eight!
in! situ! pressure! transducers! using! the! dataJlogging! software! of! NI!
SignalExpress! (National! Instruments! Corporation,! Texas,! USA).! The! flow!
rate!was!monitored!by!the!software!labview!2014!national!instruments!which!
communicate!to!the!balance!(OHAUS!Scout!Pro)!that!the!outlet!reservoir!is!
sitting! on.! Figure! 6.2! depicts! the! position! of! reference! points! for! pressure!
measurement!and!sampling.!The!points!are!denoted!from!T1!to!T3!and!from!
B1!to!B3!are!at! the!bottom!of! the!column.!On!the!right!side!of! the!column,!
they!are!indicated!as!R1!and!R3!and!on!the!left!side!at!the!opposite!location!
to! R1! and! R3! are! L1! and! L3.! In! the! similar! manner! with! the! small! scale!
experiment,! the! aqueous! samples! collected! from! the! sample! ports! were!
extracted!and!analysed!using!GCJMS.!!
Figure$6.2:!Schematic!diagram!of! the! large!scale!experimental! rig!with! the!
location!of!reference!points!
!
6.2.4$Numerical$simulations$
As! in! the! previous! chapter! (Chapter! 5)! COMSOL! Multiphysics!
(COMSOL,! Inc.,!California,!USA)! is!used! to! solve! the!Darcy’s! law!coupled!
with!the!mass!transport!equation,!namely,!convection!and!diffusion!equation.!
All! input!data!are! taken! from! the!experiment.!The!models!are!validated!by!
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comparison! of! the! simulated! data! to! those! of! the! experimental! data,! e.g.,!
concentration.!
Governing'Equations'
The! main! governing! equation! used! to! model! the! flow! properties! is!
Darcy’s!law!as!shown!in!Equation!6.1.!!
! ! ! i = − _c ∇k! ! ! ! !!!!!!(6.1)!
Where!v!is!the!fluid!velocity!in!m/s,!k'is!the!intrinsic!permeability!of!the!
ZVI!medium! in!m2,!µ' is! the! fluid! viscosity! in! Pa·s! and!∇p! is! the! pressure!
gradient!vector!in!Pa/m.!
The!convection!and!diffusion!equation!(Equation!6.2)!is!coupled!to!the!
Darcy’s! law! to! determine! the! concentration! distribution! (BTEX! as! a!model!
compound).!
x9xq = ∇ y∇z − {∇z! ! ! !!!!!!!!!!!!!!!!!(6.2)!
Where! c! is! the! concentration! (mol/m3)! and! D! is! the! diffusion!
coefficient!(m2/s).!
Boundary'Conditions'
The! boundary! conditions! in! this! research! are! inlet! flow! rate! and!
permeability!with! initial! contaminant!concentration!of!6!ppm!and!no! flow!at!
the! wall.! .! The! outlet! pressure! is! a! gauge! pressure! as! determined! from!
experiments.! .!The! inlet! flow!rate!and!permeability!data!are! taken! from!the!
experiments!as!well.!
Solution'of'Governing'Equation'
The!finite!element!method!(FEM)!is!used!to!determine!the!solutions!to!
these!boundary!conditions!for!partial!differential!equation.!.!The!solutions!are!
obtained! for! fluid! flow! rate! profiles,! the! pressure! profiles! and! the!
concentration!profiles.!
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6.3$Results$and$discussion$
6.3.1$Experimental$BTEX$contaminants$concentration$
As!discussed!earlier!the!initial!concentration!of!BTEX!is!6!ppm,!which!
is! composed!of!Benzene,!Toluene,!Ethylbenzene,!pJXylene,!mJXylene!and!
oJXylene! at! an! initial! concentration! of! 1! ppm! each.! BTEX! was! pumped!
through! ZVIJPRB! reactors! continuously! for! 4! days.! During! this! period! the!
aqueous!samples!were!collected!every!3!and!6!hours!for!the!small!scale!and!
large!scale!rigs,!respectively.!There!are!5!sampling!ports!in!the!small!scale!
rigs!which!are!denoted!from!P1!to!P4!and!the!outlet.! In!the! large!scale!rig,!
there!are!11!sampling!ports!in!total!which!are!indicated!as!T1JT3,!B1JB3,!R1,!
R3,!L1,!L3!and!outlet.!
!
Figure$6.3:!Benzene!concentration!(ppm)!versus! time!(hours)! in! ! the!small!
scale!rig!with!coarse!ZVI!particles!
Figure!6.3!shows!the!benzene!concentration!in!ppm!(yJaxis)!and!time!
in! hours! (xJaxis)! of! the! small! scale! rig!with! coarse!ZVI! particles.! It! can!be!
seen! that! the! concentration! has! dropped! significantly! from! 1! ppm! to! the!
range!of!0.01!to!0.25!ppm.!Although!the!concentration! fluctuates! it!has! the!
same! trend! at! each! reference! point,! i.e.! increasing! and! decreasing! at! the!
same! time.! In! the! case! of! small! scale! rig! with! fine! ZVI! particles,! the!
concentration! at! time! =! 0! is! equal! to! the! initial! concentration! of! 1! ppm.!
Therefore,!the!data!at!time!=!0!has!been!removed!to!see!the!trend!of!the!rest!
of!the!data!as!shown!in!Figure!6.4.!In!the!similar!manner!with!the!coarse!ZVI!
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particles,! the! concentration! is! oscillatory! but! the! highest! concentration! is!
found! at! the! reference! point! of! P1.! The! only! difference! between! the! two!
particle!sizes!are!that!in!the!case!of!coarse!particles,!the!concentration!has!
sharply!decreasing! trend!at! the! first! period!of! time!whereas! in! the! case!of!
fine! particles,! the! concentration! remains! the! same! at! the! beginning.! Both!
provide!an!average!final!concentration!of!0.014!ppm.!
!
Figure$6.4:!The!benzene!concentration! (ppm)!versus! time!(hours)!of!small!
scale!rig!with!fine!ZVI!particles!
!
Figure$6.5:!The!benzene!concentration! (ppm)!versus! time! (hours)!of! large!
scale!rig!with!fine!ZVI!particles!
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Comparing! the! same! particle! size! (fine)! between! small! and! large!
scale!(as!illustrated!in!Figure!6.5),!the!concentration!is!reduced!suddenly!at!
the! beginning! in! the! same!manner!with! the! coarse! particle.! .! Therefore,! it!
can! be! concluded! that! the! size! of! particle! do! not! play! a! ! major! role! in!
concentration!distribution.!It!can!be!seen!that!there!is!less!fluctuation!in!the!
large!scale!but!it!cannot!conclude!at!which!reference!point!give!the!highest!
concentration.! But! the! average! final! concentration! is! 0.013! ppm! which! is!
very!close!to!the!value!from!small!scale.!
Figures! 6.6J6.8! illustrated! the! concentration! plot! versus! time! for!
toluene!from!small!scale!coarse!ZVI!particles,!small!scale!fine!ZVI!particles!
and!large!scale!fine!ZVI!particles,!respectively.!
!
Figure$ 6.6:! The! toluene! concentration! (ppm)! versus! time! (hours)! of! small!
scale!rig!with!coarse!ZVI!particles!
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!
Figure$ 6.7:! The! toluene! concentration! (ppm)! versus! time! (hours)! of! small!
scale!rig!with!fine!ZVI!particles!
$
Figure$ 6.8:! Toluene! concentration! (ppm)! versus! time! (hours)! in! the! large!
scale!rig!with!fine!ZVI!particles!
For! toluene,! the! trend! is! quite! constant,! the! highest! concentration!
value! is! from!P1! in! both! small! scale! experiment.! There! is! no! reduction! in!
concentration!at!the!initial!period!in!fine!ZVI!particles!in!both!small!scale!and!
large!scale!but!the!reduction!occurred!at!the!beginning!in!the!case!of!coarse!
particles.!Overall,! the! concentration!has!decreased!by!approximately! 50%,!
i.e.! from!1!ppm!to!0.5!ppm!in!all! three!experimental!rigs.!The!average!final!
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concentrations! are! 0.371! ppm,! 0.380! ppm! and! 0.364! ppm! for! small! scale!
coarse! particles,! small! scale! fine! particles! and! large! scale! fine! particles,!
respectively.!
In! terms! of! the! concentration! profile,! looking! at! Figure! 6.8,! the!
concentration!values!as!a!function!of!distance!along!the!rigs,!i.e.!from!T1!to!
T3!on!the!top!of!the!column,!from!B1!to!B3!on!the!bottom!of!the!column.!It!
not! only! indicates! any! significant! differences! but! also! exhibits! the! similar!
values.! After! 30! hours,! the! concentrations! at! every! reference! points! are!
almost!equal.!
In! the! case! of! ethylbenzene! as! shown! in! Figures! 6.9J6.11,! there! is!
almost! no! difference! in! concentration! reduction! among! the! three!
experiments.! At! the! beginning! of! the! experiment,! the! concentration! has!
reduced! to! about! 0.35J0.40! ppm! and! it! remains! constant! in! that! range!
throughout!the!experiment.!It! is!noticed!that!the!average!final!concentration!
are!almost!equal!as!well,!i.e.!0.322!ppm,!0.323!ppm!and!0.321!ppm!for!small!
scale! coarse! particles,! small! scale! fine! particles! and! large! scale! fine!
particles,! respectively.!
!
Figure$6.9:!Ethylbenzene!concentration!(ppm)!versus! time!(hours)! in!small!
scale!rig!with!coarse!ZVI!particles!
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!
Figure$6.10:!The!ethylbenzene!concentration! (ppm)!versus! time! (hours)!of!
small!scale!rig!with!fine!ZVI!particles!
$
Figure$6.11:!The!ethylbenzene!concentration! (ppm)!versus! time! (hours)!of!
large!scale!rig!with!fine!ZVI!particles!
Xylene! has! 3! isomeric! forms,! namely! pJxylene,! mJxylene! and! oJ
xylene.!.!As!they!just!have!the!different!atom!arrangement,!it!is!expected!that!
the! concentration! reduction! will! be! identical! among! the! three! isomers.! .!
Table!6.1!summarises! the!average! final!concentration!of!xylene! from!three!
different!experimental!rigs.!
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Table$ 6.1:! The! average! final! concentration! of! xylene! in! different!
experimental!rigs!
! pSxylene$ mSxylene$ oSxylene$
small!scale!coarse!ZVI!particles! 0.471!ppm! 0.476!ppm! 0.265!ppm!
small!scale!fine!ZVI!particles! 0.475!ppm! 0.482!ppm! 0.269!ppm!
large!scale!fine!ZVI!particles! 0.471!ppm! 0.475!ppm! 0.265!ppm!
!
According! to! Table! 6.1,! pJxylene! and! mJxylene! exhibit! the! same!
results! in!every!experiments,! the!average! final! concentration! is!about!0.48!
ppm!but!it!is!much!lower,!at!only!0.27!ppm!in!oJxylene.!.!!
!
Figure$ 6.12:! A! comparison! of! BTEX! concentration! (ppm)! versus! time!
(hours)!for!the!three!experimental!rigs!
!Figure!6.12!indicates!the!comparison!of!the!total!BTEX!concentration!
at! the!outlet!with! respect! to! time!of! the! three!experimental! rigs.! .! It!can!be!
seen!that!there!is!no!reduction!of!concentration!in!the!first!hour,!i.e.!the!first!
outlet! value! from! small! scale! fine! ZVI! particles! that! is! equal! to! the! initial!
concentration! of! 6! ppm.! Apart! from! that,! they! are! all! reduced! to!
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approximately!2!ppm!in!the!almost!identical!manners.!.!It!is!noticed!that!the!
concentration!values!with!respect!to!time!is!constant.!
ZeroJvalent! iron! is!a!material!with!adsorptive!sites!on!the!surface!so!
the!main!treatment!mechanism!depends!on!the!adsorption/precipitation!and!
reductive!transformation!(Nakatsuji!et!al.,!2015).!Theoretically,!to!confirm!the!
adsorption! reaction! as! the! mean! of! remediation,! the! experimental! results!
must! be! fittled! to! the! adsorption! isotherm! model,! either! Langmuir! or!
Freundlich!or!both! (Li! et! al.,! 2015).! .! In!order! to!do! that,! the!breakthrough!
curve! is! required.! In! general! for! an! adsorptive! remediation! process,! the!
contaminants!(BTEX!in!this!case)!flow!through!the!packed!bed!column!(ZVIJ
PRB! in! this! case)! and! react! with! the! reactive! materials! causing! the!
concentration!to!decrease!until!the!pore!sites!are!full!or!material!is!no!longer!
reactive,!nor!capable!of!providing!any!further!treatmentU! thus!it!reaches!the!
equilibrium! and! the! contaminant’s! concentration! is! increase! again.! The!
breakthrough! curve! will! usually! be! SJshaped.! The! other! possibility! is! that!
100%! of! BTEX! is! completely! converted.! .! However,! it! is! obvious! that! the!
concentration! curve! from! this! experiment,! as! shown! in! Figure! 6.2! do! not!
have! the! shape! of! an! adsorption! model! and! the! concentration! has! not!
reached! equilibrium! and! has! not! reach! null! value! either.! .! Therefore,! the!
results!suggest!that!BTEX!is!not!adsorbed!onto!ZVI!particles!within!a!short!
time!that!the!experiment!could!be!conducted!before!significant!permeability!
readuction!takes!place.!
The!other!remediation!reaction!that!is!possible!to!occur!in!ZVIJPRB!is!
the! reduction! transformation.! Previous! studies! show! that! the! half! life! of!
removal! rate! for! biphenyl,!which! is! an! organic! compound! like!BTEX,! even!
with! the!mixing! of! catalyst! into!ZVI! to! speed!up! the! reaction,! is! ! 13! hours!
(Kim!et!al.,!2004).! In!comparison!to!our!result! in!Figure!6.2,! it!can!be!seen!
that! the! concentration! decreases! by! approximately! 70%! within! the! first! 3!
hours! of! the! residence! time.! This! finding! confirms! that! the! mechanism!
happens!here!is!definitely!not!a!transformation!reduction.!
The! only! possible! reason! causing! the! reduction! in! BTEX!
concentration!is!the!volatilization.!As!BTEX!is!a!volatile!organic!compounds!
(VOCs)!and!the!ports!from!the!experimental!rigs!had!been!open!to!measure!
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the! pressure! and! collect! the! samples.! This! also! explain! why! the!
concentration! has! reduced! to! a! certain! concentration! and! remain! constant!
throughout! the! experiment! and! does! not! depend! on! ZVI! particle! sizes! or!
reactive!area.!
6.3.2$Mathematical$simulation$of$BTEX$contaminant$concentration$
In! order! to! minimize! the! impact! of! the! interferences! that! happened!
from! conducting! the! experiments,! i.e.! volatilisation! and! human! errors.! .!
COMSOL!Multiphysics!has!been!used! to!simulate! the!BTEX!concentration!
profile.!.!The!curve!fitting!of!permeability!data!calculated!from!the!experiment!
has!been!used!as! the! input!data,!some!points! that!are! totally!out!of! range!
had!been!removed!to!avoid!inaccuracy.!
Permeability'and'flow'rate'profiles'
The! permeability! determined! from! the! experiments! are! shown! in!
Figure!6.13.!.!It!can!be!seen!that!the!average!permeability!is!decreasing!with!
respect!to!time.!The!loss!in!permeability!is!described!by!an!equation!which!is!
obtained!by!fitting!the!curve!and!it!is!used!as!an!input!data!for!simulation.!.!!
Figure$ 6.13:! The! curve! fitting! of! average! permeability! (cm2)! versus! time!
(hours)!of!small!scale!coarse!ZVI!particles!
Figure! 6.14! shows! the! curve! fitting! of! average! permeability! (cm2)!
versus!time!(hours)!of!small!scale!and!large!scale!fine!ZVI!particles.!.!It!can!
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be! seen! that! the! permeability! values! from! both! small! and! large! scale!
experiments! is! increasing! with! respect! to! time.! .! The! only! possibility! that!
happens! here! is! there! is! the! development! of! the! preferential! flow! path.! .!
Theoretically,! the! particles! with! lower! permeability! tend! to! be! riddled! with!
channels!consisting!of!cracks!or!cavities!creating!the!preferential!passage.!.!
In!comparison!to!the!coarse!ZVI!particles,!the!initial!average!permeability!is!
4.5EJ08! cm2! whereas! it! is! 1.5EJ8! cm2! and! only! 2EJ09! cm2! for! fine! ZVI!
particles!from!small!and!large!scale!rigs,!respectively.!.!In!addition,!the!initial!
porosity! is!only!0.46! in! large!scale! fine!ZVI!particle! rig!but! it! is!0.69! in! the!
coarse!ZVI!particle!rig.!
!
Figure$ 6.14:! The! curve! fitting! of! average! permeability! (cm2)! versus! time!
(hours)!of!(a)!small!scale!and!(b)!large!scale!fine!ZVI!particles!
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The! selected! 3D! models! of! pressure! and! concentration! profiles!
predicted! by! COMSOL! are! summarised! in! Figure! 6.15.! .! As! there! is!
negligible!change!in!velocity!values,! there! is!no!significant!difference! in!the!
3D!results.!It!can!be!seen!that!there!is!no!significant!change!in!direction!but!
the!magnitude!is!increases!for!the!coarse!particles,!i.e.!from!58J111!Pascal!
and! is!decreases! for! the! fine!particles,! i.e.! from!about!1000!Pascal! to!600!
Pascal.!
Pressure$profiles$
!
Small!scale!coarse!ZVI!particles!
at!time!t!=!3!hours!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!at!time!t!=!81!hours!
!
Large!scale!fine!ZVI!particles!
at!time!=!3!hours!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!at!time!t!=!81!hours!
!
Figure$6.15:!3D!models!of!pressure!profiles!predicted!by!COMSOL!
!
CHAPTER 6  109 !
 
Umarat Santisukkasaem  2016 
Figure!6.16!illustrates!the!flow!rate!profile!at!the!outlet!of!the!(a)!small!
scale!ZVI!coarse!and!fine!particles!and!(b)!large!ZVI!fine!particles,!it!can!be!
noticed! that! the! flow! is! fluctuating! with! respect! to! time.! ! And! it! is! more!
fluctuating! in! fine! ZVI! particles! rather! than! in! coarse! ZVI! particles,! this! is!
because!of!the!preferential!flow!path!that!has!developed!in!the!fine!particles!
causing!the!flow!to!fluctuate!more.!!
!
Figure$6.16:! The!simulated! flow! rate!at! the!outlet! (m3/s)!PRB!versus! time!
(hours)!of! (a)!small!scale!coarse!and! fine!ZVI!particles!and! (b)! large!scale!
fine!ZVI!particles!
!
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However,!the!difference!in!flow!rate!at!each!time!is!negligible.!For!the!
small! scale,! the! simulated! average! flow! rate! in! both! rigs! is! 6.33EJ9! m3/s!
(0.38!ml/min)!which!is!equal!to!the!experimental!inlet!and!outlet!flow!rate.!In!
the!similar!manner,!the!simulated!average!flow!rate!in!large!scale!is!4.93EJ5!
m3/s!(0.296!ml/min)!which!is!almost!equal!to!the!experimental!inlet!and!outlet!
flow!rate!of!0.3!ml/min.!
Furthermore,!this!is!in!line!with!the!theory!that!the!ideal!PRB!behaves!
like! the!plug! flow! reactor!which!means! that! the! flow! rate! is!constant! in! the!
reactor!and!there!is!no!axial!mixing.!This!finding!also!suggests!that!there!is!
no! other! reaction! occurred! that! would! possible! affect! the! flow! rate! and! is!
solely!the!flow!rate!of!the!BTEX!contaminant!distributing!along!the!ZVIJPRB.!!
Concentration'distribution'
In! the!COMSOL!simulation,! the! reference!point!of!P1!and!P3! (2!cm!
from!the!actual!inlet)!was!set!as!the!inlet!area!for!small!scale.!For!the!large!
scale,!it!is!set!as!the!actual!inlet.!!
The! selected! 3D! predicted! models! of! concentration! profiles! are!
illustrated! in! Figure! 6.17.! For! small! scale,! BTEX! concentration! filled! the!
column!at!time!=!81!hours!but!it!has!transported!not!even!half!way!along!the!
large!scale.!
!
!
!
!
!
!
!
!
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Concentration$profiles$
!
Small!scale!coarse!ZVI!particles!
at!time!t!=!3!hours!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!at!time!t!=!81!hours!
!
Large!scale!fine!ZVI!particles!
at!time!=!3!hours!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!at!time!t!=!81!hours!
!
Figure$6.17:!3D!models!of!concentration!profiles!predicted!by!COMSOL!
The!simulated!average!surface!concentration!at!the!inlet!of!the!three!
experimental! reactors! is! shown! in! Figure! 6.18.! It! can! be! seen! that! the!
concentration!profile!in!the!small!scale!rig!with!both!coarse!and!fine!particles!
is! almost! identical! where! the! concentration! can! be! detected! and! is!
significantly! increasing! in! the! first! few! hours! and! has! reached! equilibrium!
after!9!hours,! i.e.!concentration! is!equal! to! initial!concentration!of!6!ppm.! .!
Whereas,!there!is!only!slight!increases!in!the!large!scale!and!it!has!reached!
equilibrium!only!after!57!hours.!This!is!because!the!large!scale!experimental!
rig!(76!cm!long)!is!much!bigger!than!that!of!the!small!scale!experimental!rigs!
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(10! cm! long),! therefore! BTEX! needs! longer! retention! time! to! transport!
throughout!the!ZVIJPRB.!
$
Figure$6.18:!The!comparison!of!simulated!average!surface!concentration!at!
the! inlet! (ppm)! versus! time! (hours)! of! small! scale! coarse! and! fine! ZVI!
particles!and!large!scale!fine!ZVI!particles!
In! the!similar!manner,! the! reference!point!of!P2!and!P4! (2!cm! from!
the!actual!outlet)!was!set!as!the!outlet!area!in!COMSOL!for!the!small!scale.!
The! comparison! of! predicted!model! and! experimental! data! of! small! scale!
coarse!and!fine!ZVI!particles!shows!that!the!experimental!data!provides!the!
same! trend!of!concentration!distribution! in!both! rigs,!which! is!constant!and!
the!predicted!model!also!provides! the!similar! increasing! trend! in!both! rigs.!
According!to!the!simulated!data!of!the!coarse!particles,!the!concentration!at!
the!outlet!can!be!detected!after!6!hours!and!reach!equilibrium!at!12!hours.!
For!the!fine!particles,!the!concentration!can!be!detected!immediately!at!the!
beginning! of! the! experiment! which! is! in! the! similar! manner! to! that! of! the!
experimental!data! that! the!high!concentration!can!be!detected!at! the!outlet!
at! time=0! whereas! this! does! not! occur! in! the! case! of! coarse! particles.!
Likewise,! the!equilibrium!was! reached!at! 12!hours!as!well! as! indicated!by!
green!and!purple!line!for!experimental!data!and!simulated!data,!respectively.!
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The!simulated!concentration!values!at!the!outlet! is!differ!from!that!of!
the!experimental!values.!The!experimental!values!started!at!about!2!ppm!at!
the!beginning!of!the!experiment!and!remain!almost!constant!throughout!the!
experiment! whereas! the! simulated! values! increase! slightly! after! couple! of!
hours!to!6!ppm!(which!is!the!initial!concentration)!and!reach!equilibrium!after!
12! hours.! The! simulated! results! confirm! that! ZVI! has! no! capacity! in!
remediating!BTEX! in! this! experimental! duration! and! also! indicate! the! time!
that!BTEX!requires! in!order! to!distribute!along! the!ZVIJPRB.!However,! this!
means!that!this!is!a!good!model!compound!to!simulate!distribution!of!solutes!
in!PRBs!as!permeability!changes!within!a!PRB.!
For! large! scale!with! fine!ZVI!particles,! the!model! cannot! detect! any!
BTEX! concentration! within! the! same! detention! time! with! experiment.! The!
time! has! to! be! prolonged! to! determine! the! actual! distribution! time! and!
equilibrium.! The! new! simulated! concentration! profile! at! the! outlet! of! large!
scale!fine!ZVI!particles!is!illustrated!in!Figure!6.19.!!
Figure$6.19:!The!simulated!average!outlet!concentration!(ppm)!versus!time!
(hours)!of!large!scale!fine!ZVI!particles$
It!is!apparent!from!Figure!6.20!that!there!is!no!concentration!detected!
at!all!in!the!first!200!hours!and!it!is!gradually!increases!until!it!is!visible!after!
~300!hours.!The!equilibrium!is!reached!at!the!time!of!660!hours.!!
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6.4$Summary$
In!summary,!the!experiments!reported!in!this!chapter!indicate!that!the!
ZVIJPRB!has!no!capacity! in! removing!BTEX!contaminant!at! the!short! time!
duration!but!it! is!a!good!model!solute!to!determine!solute!distribution!in!the!
PRB!as! its! permeability! changes.!The! reduction! in! concentration! values! in!
this!work!depend!on!volatilization!as!indicated!by!the!fact!that!the!plots!of!the!
the! concentration! in! ppm!with! respect! to! time! in! hours! do! not! fit! into! any!
models,! e.g.,! adsorption! and! transformation.! The! COMSOL! simulations!
identify! the! BTEX! require! 12! hours! in! small! scale! and! 660! hours! in! large!
scale,! respectively,! to! reach! equilibrium! concentration.! As! there! is! no!
remediation,!the!particle!size!has!no!effect!in!this!aspect.!!!!
Up!to!the!duration!of!4!days!in!this!experiment,!it!can!be!seen!that!the!
permeability! is! reduced! in! small! scale! coarse!ZVI! particles! but! it! does! not!
show!any! impacts!on! the!BTEX! transport! because! the!BTEX!has! reached!
equilibrium!at! the! same! time!with! the! small! scale! fine!ZVI! particles.!There!
seems!to!be!preferential!flow!path!in!fine!ZVI!particles,!both!small!and!large!
scale!as!the!pressure!is!decreasing!throughout!the!experiment.!!
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CHAPTER$7$
$
CONCLUSIONS$AND$FURTHER$WORK$
!
The!summary!of!each!work!in!this!thesis!is!summarised!at!the!end!of!
each!chapter.!Therefore,! the!overall! conclusions!and! recommendations! for!
future!work!will!be!provided!in!this!chapter.!
As! zeroJvalent! iron! permeable! reactive! barrier! (ZVIJPRB)! has! been!
extensively!applied!in!contaminated!groundwater!remediation!for!more!than!
two!decades,!there!are!extensive!researches!carried!out!both!in!lab!and!field!
scales.!One!of! the!main! factors! limiting! the! longevity!and! reactivity!of!ZVIJ
PRB! is! permeability! reduction! due! to! the! mineral! precipitation! or! iron!
corrosion.!PRB!is!a!passive!remediation!technique!which!means!there!is!no!
force!to!push!the!contaminants!to!flow!through!the!reactive!area,!therefore!if!
the!permeability! is! reduced,! the! contaminants! flow!along!with!groundwater!
will! bypass! to! the! other! direction! instead! of! flowing! through! the! ZVIJPRB!
reactive! zone.! In! addition,! the! precipitates! will! coat! the! surface! of! ZVI!
causing! the! decrease!of! reactivity,! in! this! case!even! the! contaminant! is! in!
contact!with!the!ZVI,!there!is!no!reaction!occurred.!Hence,!it!is!important!to!
design!the!proper!ZVIJPRB.!Recently,!most!of! the!researches!focus!on!the!
use!of!nanoJZVI!materials,!mixing!of!catalyst!to!ZVI!and!deactivation!of!ZVI!
surfaceU! however! few! have! discusses! the! background! principles! of! the!
hydrodynamics! inside! the! ZVIJPRB,! the! impacts! of! permeability! reduction!
and!the!fate!and!transport!of!BTEX!contaminants!in!the!ZVIJPRB.!
The!findings!of! literature!review!indicate!that! there! is!a!potential! that!
ZVIJPRB!will!be!capable!of!treating!BTEX!contaminated!groundwater.!In!this!
thesis,! the!Artificial!Neural!Network! (ANN)! structures!has!been!developed,!
trained!and!validated.!It!is!concluded!that!ANN!is!a!reliable!tool!in!predicting!
permeability!reduction!in!ZVIJPRB.!The!best!ANN!structures!are!ANN[7J2J1]!
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and!ANN[7J4J6J1]!for!single!and!double!hidden!layer,!respectively,!has!been!
proposed.!!
The! dimensionless! analysis! that! has! been! carried! out! in! this! work!
support! upscaling! of! the! technology! and! provide! more! understanding! of!
processes!at!different!scales!of!ZVIJPRB.!The!flow!experiments!in!ZVIJPRB!
reactors! confirmed! that! the!permeability!decline!due! to! iron!corrosion.!The!
permeability! reduction! is! higher! in! coarse! ZVI! particle! size.! The! pressure!
plays!a!significant!role!in!indicating!the!direction!of!permeability!loss.!This!is!
also! related! to! the! findings! from! simulations! that! there! is! a! strong!
relationship! between! velocity! and! pressure.! A! small! change! in! velocity!
causes!a!significant!change!in!pressure.!The!remediation!experiments!show!
that! ZVIJPRB! has! no! capacity! in! remediating! BTEX! contaminants.! The!
volatilisation! has! strong! impacts! in! conducting! this! experiment.! The!
simulations! confirmed! that! ZVIJPRB! cannot! treat! BTEX.! Furthermore,! it!
provides!the!distribution!profiles!and!equilibrium!time.!!
In! summary,! the! findings! from! this! thesis! can!be!used! to! support! in!
the!design!of!the!proper!ZVIJPRB.!For!example,!the!ANN!can!be!applied!to!
predict!the!permeability!reduction!over!the!duration!of!the!experimental!data,!
i.e.! experimental! data! can! be! conducted! up! to! 6!months! and! use!ANN! to!
prolong!the!data!to!12!months!or!beyond.!!The!dimensionless!equation!can!
be! helpful! in! upscaling! the! lab! scale! data! to! that! of! the! field! scale! which!
means! the! preliminary! data! of! PRB! can! be! obtained! from! the! lab! scale!
experiment!and!upscale!the!results!to!be!applicable!to!that!of!the!field!scale.!!
The! BTEX! distribution! in! ZVIJPRB! gives! the! idea! of! reactive! materials!
selection,!if!it!is!the!sole!contaminant!in!the!area,!it!is!not!appropriate!to!use!
the!ZVI.!!!
However,! there! are! further!works! that!would! be!beneficial! on! top!of!
the!findings!in!this!work.!
(1)!Conduct!the!large!scale!column!experiment!with!coarse!ZVI!
particles.!
(2)!Conduct!the!BTEX!remediation!experiment!in!a!closed!column!to!
prevent!volatilization.!
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(3)!Conduct!longer!flow/solute!transport!experiments.!
By! doing! the! mentioned! experiments,! the! hydrodynamics! and!
contaminant!distribution!can!be!explored!in!larger!scale!for!coarse!particles.!
The! longer! experiments!will! provide!more! data!which!will! be! useful! as! an!
input!in!COMSOL!simulations,!thus!more!accurate!results!may!be!obtained.!!
!
!
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